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Abstract 
 
Water is a basic human need (Millennium Development Goal-Target 10) and a central 
element in all civilisations, yet microbial contamination of surface waters used for 
drinking, contact recreation, and shellfishery provides an effective vehicle for the spread of 
microbial waterborne diseases and outbreaks that can cause illness or death in humans. 
Microbial pathogens remain the most direct, real and pervasive risk to human health, 
especially in Less Economically Developed Countries. However, water quality managers 
are restricted in providing effective monitoring and management designs and strategies by 
the inability to identify routinely the source of microbial contamination. Microbial water 
quality of many surface waters is likely to deteriorate further as a result of climate change. 
 
This research used the River Ouse catchment (SE England) as a test-bed to investigate the 
application of simple and low-cost monitoring and approaches that can be applied in other 
river catchments, to monitor and manage microbial water quality during various 
meteorological conditions and seasons. This novel approach is the first time such methods 
have been combined in order to study a river catchment. As such, it represents a significant 
advancement in our understanding of complex environmental processes and ability to 
manage and mitigate adverse environmental impacts. 
 
Sixteen parameters were measured and analysed from 365 water samples collected 
approximately every fourteen days from fourteen discrete sampling sites. The chemo-
physical parameters were measured using recommended instruments and procedures whilst 
faecal indicator organisms (FIO) were enumerated using International Organisation for 
Standardisation (ISO) methods and procedures. In addition to ISO methods, the study 
trialled a newly developed low-cost phage-based method capable of identifying human 
faecal contamination in surface waters. 
 
The results showed that all sampling sites were microbially contaminated, and suggested 
that the main source was non-human.  Thermotolerant coliforms (TTC) and presumptive 
intestinal enterococci (ENT) levels tended to be 1.1-1.2 logs higher during rainstorm 
events. Spatio-temporal variations in microbial parameters were accounted for by three 
principal components (67.6%). Bacterial indicator decreased downstream while chemo-
physical parameters increased downstream. Models generated for TTC and ENT accounted 
for 63% and 65% variability in TTC and ENT levels respectively. Cluster Analysis of the 
fourteen sampling sites revealed six „sentinel‟ sampling sites and this process is proposed 
as a means of rationalising river catchment monitoring. The correlation between TTC and 
phages of Bacteroides (GB-124) was very small (r=0.05) whilst those between turbidity, 
suspended solids, and bacterial indicators were significantly positively strong. Hence, 
turbidity could serve as a low-cost screening tool for microbial pollution. A capricious 
climate, animal and human interferences were likely faecal pollution sources.  
 
The findings offer low-cost screening approaches for river catchment management through 
the identification of „when and where‟ pollution levels are most likely to represent a 
potential risk to public health under various meteorological conditions, and help those 
responsible for water quality monitoring to better target resources in future. These 
demonstrably effective approaches will contribute to future European collaborative work to 
improve waterborne FIO and pathogen prediction („hotspots‟ of elevated waterborne 
disease risk during changing climate patterns), and future EU and WHO initiatives (such as 
Water Safety Plans) to improve environmental disease protection for all.  
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CHAPTER 1 – INTRODUCTION 
 
More than a billion people have no access to safe drinking water, and over 2 million people 
(Gray, 2008), mainly children under five (1.5 million) die each year from water-related 
diarrhoea. Diarrhoeal disease is one of the leading causes of morbidity and mortality in 
Less Economically Developed Countries (LEDC) (Fewtrell et al., 2005), and Africa and 
South Asia account for more than 80 per cent of child deaths due to water-related diarrhoea 
(UNICEF and WHO, 2009). In LEDC, many surface water resources are becoming highly 
vulnerable to anthropogenic microbial pollution because of rapid population growth 
(Godfrey et al., 2006). The microbiological contamination of water has profound and 
severe implications for public health, particularly in small communities and developing 
countries where surface water is often a source of drinking and bathing water (Pedley and 
Howard, 1997; Haydon, 2008). As many people in LEDC rely on surface waters, it is 
important to develop an understanding of the sources and dynamics of microbiological 
contamination of surface waters when considering the potential to assess and predict water 
quality for risks to human health. Current research on microbial water quality in LEDC, 
focuses on the detection and enumeration of faecal indicator bacteria (FIB) without taking 
into account the often lack of political will and inadequate financial resources available for 
river catchment microbial water quality monitoring. The lack of simple, low-cost, effective 
tools and techniques to monitor microbial water quality and to assess risk to human health 
in river catchments in LEDC is one reason why diarrhoeal-related waterborne diseases 
morbidity and mortality are still high. 
 
The overall aim of the study was to develop low cost methods of microbial water quality 
monitoring and risk assessment. The study was to assess dynamics in microbial and 
chemo-physical parameters under various meteorological conditions, identify easily 
measured chemo-physical parameters that could surrogate for faecal indicator organisms 
(FIO), and to develop multiple regression statistical models based on easily measured 
chemo-physical and environmental explanatory parameters to predict FIO levels (microbial 
water quality conditions) in surface waters. If this study were to be successful, the 
information gained from this study will assist in the identification of potential sources of 
faecal material and pathogens in a river catchment, lead to the development of low-cost 
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techniques and approaches to aid in assessing and predicting microbial levels in surface 
waters and assessing risks to human health, ensure a proactive and preventive action in 
protecting public health, develop a set of approaches and recommendations, which would 
positively influence efficient and effective catchment monitoring and management, and to 
encourage river catchment microbial water quality monitoring in LEDC without diluting 
their scarce resources.  
 
This study will involve detecting and enumerating FIB, bacteriophages, determining 
concentration of chemo-physical parameters and levels of hydrological (environmental) 
parameters (Table 1.1).  
 
Table 1.1 Analyte list 
Parameter class Parameter/Analyte Rationale for selection 
 
 
Faecal indicators 
Thermotolerant coliforms 
Intestinal enterococci 
Clostridium perfringens 
Heterotrophic bacteria 
Somatic coliphages 
Key indicator of enteric bacteria 
Key indicator of enteric bacteria (more persistent) 
Promising alternative indicator for resistant spores 
Supplementary bacteria indicator 
Alternative virus model to F-RNA coliphages 
 
 
 
 
 
 
Chemo-physical measures 
and surrogates 
 
 
 
 
 
 
 
 
 
 
 
 
 
Measures of suspended matter which may include 
pathogens and hence be surrogates 
 
 
 
Would be inexpensive to measure and use if proved to 
have value as surrogate of microorganisms 
 
 
May indicate nutrient mobilisation from animal faecal 
contamination or change in response to storm events 
and be indicators of mobilised pathogens 
 
Hydrological 
 
 
Basic parameter for characterising storm events, storm 
event related mobilisation and loads, and surrogates 
essential to assess the extent of pathogen risks to 
humans 
Human-specific 
Bacteroides 
Phages of Bacteroides  
(GB-124) 
Indicator of human pollution source  
Adapted from Roser and Ashbolt (2007) 
 
Drinking and bathing water quality monitoring in river catchments provides information of 
potential contamination and therefore enhances the protection of public health in a 
proactive and preventive way. It is possible to use low-cost techniques to assess and 
predict levels of faecal indicator organisms (FIO) and pathogens washed into streams so as 
to evaluate the pathogen risks associated with a catchment, especially during storm events 
(Roser and Ashbolt, 2007). Although animals may carry bacteria or protozoa which are 
infectious to humans, it is recognised that human faecal material constitutes a greater risk 
Dissolved oxygen 
Temperature 
Conductivity 
Redox potential 
pH 
 
Turbidity 
Suspended solids 
Ammoniacal-nitrogen 
Nitrate-nitrogen 
Orthophosphate 
Rainfall 
Flow 
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of disease due to the additional presence of a large range of pathogenic viruses (Sinclair, 
2009). Real-time monitoring of a catchment microbial water quality is constraint by 
financial, material, and human resources. In addition, time constraints are imposed by 
laboratory culture-based methods used for the enumeration of FIO, which require long 
incubation times (18 to 48 hours) and are thus unable to rapidly detect faecal pollution 
(Servais et al., 2005). Therefore, detection of faecal pollution with these culture-based 
methods is of little value as a decision-making tool for preventive protection of public 
health.  In this case, there is a real need for methods that allow a rapid estimation of 
microbiological quality of river waters, particularly when they are used for drinking and 
bathing.  
 
Freshwater is essential for all life forms and is required for almost all human activities; 
most plant and animal life depends on it, and it is important in irrigation and industry. 
Though indispensable to all forms of life, water can also be a double-edged sword; in that 
it can transfer pathogenic microorganisms, which may cause ill-health or even death in 
humans. Even at very low levels, the presence of human enteric viruses are a concern, 
because only a small number of infectious viruses is required to cause illness (Charles et 
al., 2009). Unsafe and vulnerable drinking and bathing water supplies continue to be a 
major source of water-related diseases and infections that are naturally transmitted between 
vertebrate animals and man (zoonotic diseases) and non-zoonotic human disease, and death 
globally (Sobsey, 2006). The disease risks associated with inadequate drinking water in 
less economically developed countries (LEDC) have been linked to high infant mortality 
(Richardson et al., 2009). It is currently estimated that 6000 to 7000 children die each day 
from water-related diarrhoeal diseases (WHO, 2008a). Poor microbiological water quality 
is frequently responsible for outbreaks of infectious diseases in both more economically 
developed countries (MEDC) and LEDC. Short-term peaks in pathogen levels may 
increase disease risks considerably and may trigger outbreaks of waterborne disease, and 
more often than not, by the time microbial contamination is detected; many people will 
have already been exposed. In these circumstances, being able to predict microbial water 
quality has precedence over other ways of dealing with water quality. Knowledge of 
pathogen occurrence in source water is also important. It facilitates selection of the 
highest-quality source for drinking water supply and determines pathogen loads and levels 
in source waters. 
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Waterborne human infectious diseases potentially associated with faeces from humans and 
animals, are becoming a greater concern around the world (Schaub, 2004; USEPA, 2005; 
Domingo et al., 2007). These waterborne diseases place an enormous burden on the human 
population and health services of many countries worldwide, especially those in LEDC. Of 
all the waterborne diseases, diarrhoeal diseases are the greatest killers, accounting for 
about 2.4 million deaths each year (WHO, 2008a). This number represents 3.7% of all 
deaths that occur each year worldwide. Diarrhoeal diseases also cause the most deaths 
among children under the age of five years worldwide, with most of these deaths occurring 
in Africa (4 out of 10 child deaths) and South-east Asia (WHO, 2008a). Thermotolerant 
coliforms are implicated in most of these cases in the developing countries (WHO, 2008b). 
Today, on a worldwide basis morbidity and mortality from thermotolerant coliforms 
infections are thought to far exceed those of cholera and other identified waterborne 
bacterial diseases (Ford, 2006). This is happening against a backdrop of one of the UN‟s 
Millennium Development Goals (MDG) (United Nations, 2009) of providing adequate 
clean water and sanitation, and of reducing the mortality rate (from water-related diseases) 
in children aged under 5 years old by two-thirds by 2015. In most LEDC, large numbers of 
households still lack access to improved water supplies and depend on untreated surface 
waters or shallow unprotected groundwater for domestic water (WHO and UNICEF, 
2006). 
 
1.1 Microbial water quality and the Millennium Development Goals (MDG) 
 
In 2000, the WHO estimated that there were approximately four billion cases of diarrhoea 
each year in addition to millions of other cases of illness associated with the lack of access 
to clean water (WHO and UNICEF, 2000). Although some progress has been made in 
providing water services to specific regions and areas, limited resources and rapidly 
growing populations have made it difficult to provide comprehensive and complete water 
coverage for all. Target 7c of the MDG acknowledges the need to halve, by 2015, the 
proportion of the population without sustainable access to safe drinking water and basic 
sanitation (United Nations, 2008a). However, sub-Saharan Africa where the development 
challenge is greatest shows the largest gaps in achieving the goals set. With regards to 
improved drinking water, less progress has been made in sub-Saharan Africa, which now 
accounts for more than a third of those without improved drinking water supplies (United 
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Nations, 2008b). In twenty one countries in sub-Saharan Africa only thirty seven per cent 
of the population have access to improved sanitation. Open defecation continues to be 
practised by almost half the population in Southern Asia and more than a quarter of those 
living in sub-Saharan Africa (United Nations, 2008b). Open defecation puts communities 
at increased risk of diarrhoeal diseases, cholera, and other related waterborne diseases. 
 
1.2 Climate change, water quality and waterborne diseases 
 
Climate change is expected to increase the frequency and intensity of rainstorms in some 
areas of the world, both in the LEDC and MEDC. Regional climate projections by 
Christensen et al. (2007) show that annual and extremes of daily precipitation are very 
likely to increase in most of northern Europe and in central Europe especially in winter. 
Some areas may experience increased flash floods in winter, spring and summer and 
increased frequency of severe rainstorms. In areas that will experience heavy rainfall, it is 
likely that microbial water quality will be greatly impaired since climate and freshwater 
systems are interconnected in complex ways, so that a change in one induces a change in 
the other (Bates et al., 2008). 
 
According to (Cotruvo, 2004) the worldwide distribution of zoonotic microorganisms is 
affected by climate and numerous environmental and anthropogenic factors. Climate-
change-induced effects on water pose a threat to human health through changes in water 
quality. The most recent report from the Intergovernmental Panel on Climate Change 
(IPCC) (Bates et al., 2008), and (Trenbeth et al., 2007) noted that heavy precipitation 
events will become more frequent in most tropical and mid- and high latitude areas and 
that the poorest communities in the LEDC are the most vulnerable to the potential impacts 
of climate change. The projected increase in precipitation intensity is expected to lead to a 
deterioration of microbial water quality in most tropical and mid- and high latitude areas 
(Godfrey et al., 2005), as sudden storm events may flush faecal material more rapidly into 
water courses, thereby reducing the length of time between shedding and inactivation by 
environmental parameters such as ultraviolent light. During storm events, waterborne 
microbial pollutants such as raw sewage may by-pass wastewater treatment works 
(WWTW) (Curriero et al., 2001; Houghton et al., 2001; Riou et al., 2007). According to 
Bates et al., (2008) the Millennium Development Goal (MDG) of reducing the mortality 
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rate from water-related diseases in children aged under 5 years old by two-thirds by 2015 
is unlikely to be reached in some LEDC. Also, an increase in morbidity and mortality rates 
from waterborne diseases for more humid scenarios are expected. LEDC will be more 
vulnerable to projected impacts on water quality, unless low-cost options for microbial 
water quality monitoring and affordable remediation options are available. 
 
It has been reported (Hrudey et al., 2002; Hughes et al., 2004; Bates et al., 2008), and there 
is mounting evidence to suggest that, weather has often been a factor in those outbreaks of 
waterborne (enteric virus) disease associated with drinking water. Such outbreaks were 
mostly preceded by extreme rainfall events (Curriero et al., 2001; Hrudey et al., 2002; 
Hughes et al., 2004; Bates et al., 2008; Hamza et al., 2009; Heijnen and Medema, 2009). 
Waterborne disease outbreaks were found to be associated with extreme rainfall in Canada 
(Thomas et al., 2006). Cronin et al. (2006) showed that microbiological contamination of 
water in Northern Mozambique was strongly linked to season and that diarrhoeal incidence 
was greatest in the rainy season. This lends credence to the suggestion by Hippocrates two 
thousand years ago that water and health are intricately interwoven. Hippocrates advocated 
that whoever wishes to investigate medicine properly, should first and foremost consider 
the effect of water on health, and also the effects of seasons on disease prevalence (Lloyd, 
1978). This is applicable in microbial water quality monitoring, in that knowledge 
concerning season can help in the prediction of the microbial levels and the type of 
potential outbreaks (in summer, winter, spring, or autumn) with greater certainty. It is also 
imperative to distinguish microbial sources. 
 
The ability to distinguish faecal organisms from human and animal sources will provide 
insights into the origin of the microorganisms that cause disease outbreaks, and support 
more rational source protection strategies (Cotruvo, 2004). Quantitative microbial source 
tracking (QMST) and quantitative microbial risk assessment (QMRA) provide a useful 
framework for differentiating sources of faecal contamination and for estimating the risk of 
illness as a result of pathogens, respectively. To assess qualitatively and quantitatively the 
risk of illness from drinking and bathing water in a river catchment, the river catchment 
needs to be monitored throughout the year in order to better understand the temporal 
dynamics of the catchment. Such monitoring will enhance the estimation of faecal 
indicator bacteria (FIB) burdens at monitored and at unmonitored sampling sites of a river 
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catchment, ascertain dominant faecal sources, and facilitate reduction in the incidence of 
water-related disease outbreaks. One means by which this may be achieved involves 
employing what has been termed by Farnleitner et al. (2008) as the “bottom-up” approach 
of faecal contamination analysis (Figure 1.1). Integrating QMST, QMRA, and 
geographical information system (GIS) to identify main provenances of faecal 
contaminants, mapping microbial contaminant levels, and identifying potential faecal 
contamination “hotspots” within a river catchment, is a potential strategy for effectively 
monitoring and managing river catchments impacted by faecal contamination. This 
protocol supports the multiple barrier approach to source water evaluation and protection 
that is likely to play an increasingly important role in the prevention of future waterborne 
disease outbreaks. 
 
Using microbial source tracking (MST) techniques will not only facilitate the process of 
identifying the dominant polluting sources that have already occurred, but will also 
facilitate the prediction of when and where faecal pollution is most likely to occur in the 
future. Since managing and controlling faecal pollution can be particularly challenging for 
most of the LEDC where public resources are scarce, poverty widespread, infectious 
diseases burdens are high, and reliable information about the extent, nature, sources, risks 
and severity of faecal pollution are limited, at best (Jenkins et al., 2009), simple procedures 
and tools are needed in order to assess quickly the chemo-physical and microbiological 
quality of water which are practicable even in the most resource-poor LEDC.  
 
If the source of faecal contamination and pathogens could be correctly identified, 
management and remediation efforts could be allocated in a more-cost effective manner 
(Christensen et al., 2002), public health risk from zoonoses could be estimated (Bolin et 
al., 2004; Till et al., 2004), and legal responsibility for remediation could be resolved 
(Tauscher et al., 2004; Blanch et al., 2006; Ebdon et al., 2007). 
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Figure 1.1 The bottom-up approach of faecal pollution analysis and river catchment protection and management  
                  (Farnleitner et al, 2008)
Image not available due to copyright restrictions
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1.3 The environmental and economic burden of microbial water pollution  
 
The microbiological quality of surface waters, especially those used for drinking water 
abstraction or recreational uses is a concern to water supply and sewerage providers, 
regulators and public health protection agencies alike. The vast number of waterborne 
disease outbreaks that have been reported globally can lead one to conclude that 
transmission of pathogens by surface waters remains a significant cause of illness 
(Medema et al., 2003). For example, between 1986 and 1996, 277 outbreaks associated 
with drinking and recreational water were reported from 16 European countries; and an 
annual average of 17 drinking water outbreaks was reported during 1991-2002 in the 
United States (Craun, 2006). During 2005-2006 and 2008, cholera affected 25,111 and 
7,166 people and killed 399 and 133 respectively in Guinea-Bissau (WHO, 2008b).  297 
cases of cholera and 10 fatalities were reported in Iraq in 2008 (WHO, 2008c). Between 
1980 and 1992, 24 waterborne outbreaks were reported in Finland, affecting 7,700 people 
(Lahti and Hiisvirta, 1995). During an outbreak of cryptosporidiosis from drinking water in 
1993 in Milwaukee, about 400,000 residents were made ill and over 100 were killed 
(Percival et al., 2004). Between 1992 and 1995, 26 waterborne outbreaks were reported in 
England and Wales (Furtado et al., 1998; Nichols et al., 2009), with E. coli 0157 and 
cryptosporidiosis being the most important zoonotic infections; and Zimbabwe‟s cholera 
outbreak, one of the world‟s largest ever recorded, infected more than 60,000 people and 
killed more than 3,100 (WHO, 2009).  
 
According to Given et al. (2006) the health cost of gastroenteritis caused by swimming in 
polluted coastal water in Los Angeles and Orange Counties (southern California) is 
estimated to result in an annual economic loss of $21 million to $51 million. The WHO 
(2008a) estimated that about 1 million illnesses and 684,000 deaths as a result of diarrhoeal 
diseases occurred in Africa and South East Asia respectively in 2008, and the projections 
are that in 2015 diarrhoeal diseases will claim 700,000 lives in Africa and 300,000 in 
South east Asia. The decline in deaths from diarrhoeal diseases will depend on appropriate 
action being taken to protect drinking and bathing water resources from microbial 
contamination, and MST may be a component of such appropriate action, which could help 
in the realisation of this decline in fatalities from diarrhoeal diseases. 
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To protect and manage river catchments in the European Union Member States, a number 
of water Directives have been established. These include the Bathing Water Directive 
(2006/7/EC) and Water Framework Directive (2000/60/EC) of the European Parliament 
and Council. The prescribed microbiological bathing water quality standards as set out in 
the revised bathing water Directive (EU, 2006) by the EU are shown below (Table 1.2).  It 
is worth noting that rivers are an important source of faecal contamination to UK beaches 
during the „bathing season‟ (May – September). 
 
   Table 1.2 Microbiological parameters for bathing water quality 
 
Parameters 
Excellent quality 
      (guide) 
Good quality 
  (obligatory) 
Reference methods of     
analysis 
Intestinal Enterococci 
(IE) in cfu*/100 ml 
           
           200 
      
      400 
ISO 7899-1 or 
ISO 7899-2 
Escherichia coli (EC) 
in cfu/100 ml 
           
           500 
    
      1000 
ISO 9308-1 or 
ISO 9308-3 
   Adapted from EU (2006)                    *Colony Forming Units 
 
1.4 Monitoring and predicting microbial levels using easily measured parameters 
 
If the factors affecting FIO transport and persistence within a catchment can be 
characterised, a predictive model could be constructed to facilitate the selection and 
implementation of various management practices in order to reduce pathogen levels. Early 
attempts to model bacterial pollution used empirical export coefficients, which did not 
include a description of the spatial factors that influence the transport of FIO bacteria to 
streams (Kay et al., 2005a). Multivariate statistical analyses are well suited to this purpose, 
allowing the development of multiple regressions models to predict non-point source 
(NPS) pollution. 
 
Simply monitoring levels of FIO is not sufficient to manage changing patterns of risk from 
a spectrum of disease-causing agents in river catchments. Low cost methods capable of 
predicting the dynamics of faecal inputs under different conditions are required. These low 
cost methods would involve identifying easily measured chemo-physical parameters that 
could surrogate for faecal indicator organisms (FIO), and to develop multiple regression 
statistical models based on easily measured chemo-physical and environmental 
explanatory parameters to predict FIO levels (microbial water quality conditions) in 
surface waters.  
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1.5 Historical approaches to surface water pollution control 
 
Most of the world‟s cities developed where adequate and reliable freshwater supplies for 
irrigation, personal hygiene, industry, construction, and transport were available (Meybeck 
and Helmer, 1996; Mason, 2002). Effective water supply was the cornerstone of ancient 
civilisations and poor water resource management issues led to declines in civilisations. 
For example, salinisation of irrigated land in Mesopotamia led to its decline in 1800BCE. 
Throughout the world, developing human settlements have made use of streams, rivers and 
lakes to provide water for human activity, served and serve, as waste receptors, media for 
assimilating or carrying off industrial and municipal wastewater, manure discharges, 
stormwater, and agricultural runoff (Hellawell, 1986; Skinner and Porter, 1987; Simmons, 
1991; James and Elliott, 1993; Montgomery, 1993; Vega et al., 1998; Hemond and 
Fechner- Levy, 2000; Christensen et al., 2002; Taylor, 2003; Percival et al., 2004). This 
serves to illustrate the central role of water management in all aspects of human use and 
interest. However, the resultant consequences of pollution forced scientific and regulatory 
communities to investigate and regulate sources and sinks of pollutants. This involved 
determining “acceptable” levels of waste loadings to surface waters in the MEDC 
(Hemond and Fechner- Levy, 2000). 
 
Continuing increases in urbanisation (Jones and Clark, 1987; Wang et al., 1997), 
agricultural expansion (Wang et al., 1997; Harding et al., 1999; Cuffney et al., 2000), and 
industrial expansion activities in river catchments have been accompanied by a rapid 
growth in pollution stress within the aquatic environments (Brown et al., 1994; Godfrey et 
al., 2006; Schoonover and Lockaby, 2006). As a result of the socio-economic expansion 
and particularly during rainfall events, surface water quality is less reliable because it is 
more likely to be heavily contaminated with nutrients and faeces, originating from both 
point sources (PS) and non-point sources (NPS) (Hemond and Fechner-Levy, 2000). Major 
PS of pollution to freshwaters originate from the collection and discharge of municipal 
wastewaters, industrial wastes or certain agricultural activities, such as animal husbandry. 
NPS include agricultural runoff and urban runoff from city streets and surrounding areas 
and inputs from wild animals (including wild birds) (Hellawell, 1986; Meybeck and 
Helmer, 1996).  
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This rapid population growth, such as that seen across western economies of Europe during 
the industrial revolution in the 1800s, is now occurring in many LEDC, and industrial 
expansion and rising consumption is occurring in western Europe, North America,  and the 
newly industrialising nations of Asia (India and China). The rising populations translate 
into reduction of ecological quality in receiving streams (Hellawell, 1986; Paul and Meyer, 
2001; Christensen et al., 2002), low aesthetic quality, loss of recreational opportunities or 
decreased recreation (Paul and Meyer, 2001; Edge and Hill, 2007) as a result of wastes 
generated. The situation is exacerbated during heavy rainfall because overland run-off 
increases the microbial levels of surface waters substantially. However, the increase in 
microbial load is dependent on the characteristics of water systems, which are in turn 
influenced greatly by the morphology, geology, land cover and other attributes of the 
catchment. These attributes affect both chemical characteristics (Osborne and Wiley, 1988; 
Johnes et al., 1996; Soranno et al., 1996; Johnson and Gage, 1997; Donohue et al., 2005) 
and biological community structure (Poff and Allan, 1995; Richards et al., 1996; 
Sponseller et al., 2001; Townsend et al., 2004).  
 
1.5.1 Agriculture and water quality  
 
Among the various agricultural activities, intensive livestock production can have a serious 
impact on water resources because livestock wastes are often stored in earthen waste 
storage ponds from which nutrients may escape resulting in increases in nitrogen and 
phosphorus in water bodies (Steinfeld et al., 2006; Kato et al., 2009). Once used, earthen 
waste storage ponds discharge nutrients for a long time (Kato and Shimura, 2007; Kato et 
al., 2008). Livestock operations and crop production can also have a significant effect on 
microbial water quality in river catchments. These activities are more commonly NPS of 
nutrients and pathogens that can increase nutrient loading, promote eutrophication in water 
bodies, and introduce bacteria, protozoa, and viruses. The effects of agricultural activities 
on water quality are likely to intensify, as there is intensification of agriculture to meet the 
food requirements of the expanding world population.  
 
In order to meet the food requirements of the growing world population, food production 
will need to double over the next 30 years (Fresco and Steinfeld, 1998). Livestock 
production, in response to the demand for high value protein-rich animal products (about 
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25 million tonnes per year) is growing fast (Fresco and Steinfeld, 1998; Ghirotti, 1998; 
McCalla and De Haan, 1998; Steinfeld, 1998). According to Blackburn (1998) mixed 
farming systems produce 92% of the world‟s milk supply and approximately 70% of the 
sheep and goat meat. The Common Agricultural Policy (CAP) of the European Union 
(EU), which subsidises agriculture heavily in the EU Member States, particularly dairy 
production, have led to intensive production, with high stocking levels and excessive use 
of fertilizer and concentrate, and production of excessive manure (De Haan, 1998).  
Livestock are increasingly being held responsible for excessive runoff that often result 
from over-grazing contributing to the contamination of surface waters (Blackburn, 1998; 
Mwendera et al., 1998; Steinfeld, 1998). Liquid and solid waste generated by animal 
sources, and runoff from manure application and leaching from storage facilities can 
significantly impair drinking, irrigation and recreational water sources and contribute to the 
chemical and microbial contamination of rivers (De Leeuw, 1998; Fleischhauer et al., 
1998; McCalla and De Haan, 1998; Steinfeld, 1998; Fisher et al., 2000; Tian et al., 2002; 
Tong and Chen, 2002; Jamieson et al., 2004; Tian et al., 2007). Diseases, including, 
cholera, typhoid fever, and salmonellosis can be passed from animal waste to humans 
(Tian et al., 2002; Randhir, 2007). 
 
1.5.2 Population dynamics and urbanisation  
 
The Department of Economic and Social Affairs, Population Division, of the United 
Nations estimated that the world population will reach 9.2 billion persons by 2050 (Bolin 
et al. 2004; United Nations, 2007). Most of this growth will occur in the LEDC and 86 per 
cent of the world population is expected to live in the LEDC by 2050 (Bolin et al., 2004; 
United Nations, 2007). In tandem with this rapid population expansion is increased 
urbanisation. 
 
The United Nations‟ Department of Economic and Social Affairs, Population Division 
projected that by 2008, half (about 3.4 billion) of the world‟s population will be urban, and 
by 2030, the world‟s urban population is projected to increase to 4.9 billion people 
(approximately 60 per cent of the world‟s population) (Moore et al., 2003; United Nations, 
2006). Asia and Africa will rank first and second respectively in terms of the number of 
urban dwellers in 2030. Urbanisation and changes in land use lead to adverse impacts on 
14 
 
the quality of natural water resources (Carroll et al., 2009). Both population expansion and 
increased urbanisation will have implications for microbial quality of surface water in river 
catchments since the alteration of surface topography and permeability as part of property 
development drastically impacts the post-development flow rate and flow volume (Schaad 
et al., 2009). 
 
The rapid population growth has created a demand for more food production, resulting in 
an increase in cultivated and pastoral land. In 1996, the FAO (1996) estimated that to cope 
with the increase in global population by 2025, there is need to expand food production by 
40-45%. In 1998, this estimate was revised upward by Fresco and Steinfeld (1998), who 
estimated that food production will need to double over the next 30 years. Bolin et al. 
(2004) predicted that livestock production will have to double by 2020.  
 
Population expansion and increased urbanisation will lead to a dramatic increase in the 
establishment of residential, office and manufacturing facilities, which will increase 
imperviousness and lead to increased municipal stormwater from roofs, streets, and 
parking lots (FAO, 1996; Paul and Meyer, 2001; Gross, 2002). This increased runoff may 
lead to overloading of combined sewers and WWTW, or polluted runoff routed directly to 
receiving waters. This rapid increase in land development to keep pace with population 
expansion has made it increasingly difficult for water managers and utilities to maintain 
compliance with stringent water quality guidelines like the European Union Water 
Framework Directive (EU WFD). Not only can urbanisation within river catchments lead 
to an increasing demand for water (such as the River Ouse) but associated changes in 
landuse may extensively increase runoff (Montgomery, 1993; Lambi, 2001; Gross, 2002). 
This increase in runoff is due to the fact that in urban settings a disproportionate amount of 
land area is impervious, which leads to rapid transportation of, for example, faecal 
microorganisms from septic tanks and domestic animals, during rain events (Schueler, 
1994a; Schueler, 1994b; FAO, 1996; Paul and Meyer, 2001; Kelsey et al., 2004; Servais et 
al., 2007). Therefore, source streams that receive disproportionate levels of pathogens are 
more at risk as a result of increased land development (Tauscher et al., 2004). 
In order to optimise the quality and use of abstracted and bathing waters, it is imperative to 
assess the risk of pollution from the catchment area upstream of the supply intake. This 
process can be greatly facilitated through the use of environmental spatial data and 
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decision support software. The process of risk assessment for pollution prediction is a 
novel application of geo-environmental information. This process requires the assimilation 
of data that are spatially variable in nature, making geographical information systems 
(GIS) an ideal tool for such assessments (Foster and McDonald, 2002).  
 
1.6 River catchments and human activities 
 
Most major settlements tend to be located in river catchments due to factors such as 
availability of fertile land, water for irrigation, domestic, and industrial use, and 
sometimes, an efficient means of transportation. However, increasing pressures on water 
resources within river catchments has led to conflicts between user groups, water 
companies, environmental protection agencies, farmers and so forth. To resolve such 
conflicts requires sound scientific data on the levels and sources of bacterial, viral, and 
parasitic pathogens within the catchment. River waters represent a dynamic system of 
biological and chemo-physical parameters interacting with meteorological variations and 
fluctuations. Therefore, each river catchment is unique; which means that generalisations 
will not be valid for all river catchments within a region (Dixon and Chiswell, 1996; Shah 
et al., 2007; Shrestha and Kazama, 2007). There is, therefore, a priority to develop new 
pollution monitoring and prediction protocols that can be adapted effectively to a wide 
variety of different catchment types. 
 
1.7 Sources of faecal and chemo-physical pollutants in surface waters 
 
Sources of pollutants to surface waters include municipal wastewater and leaking septic 
tanks in built-up areas (Crowther et al., 2002; Crowther et al., 2003; Medema et al., 2003), 
food processing industries and runoff from agricultural fields (livestock and manure). 
Journeaux (2005) and Kay et al. (2006) observed that livestock tend to defecate 
proportionately more in water bodies, with significant impact on microbial loadings. 
Journeaux (2005) and Medema et al. (2003) also noted that birds and wild animals are an 
important source of microbial contamination of water bodies. The estimated average 
Escherichia coli, Clostridium perfringens, and faecal streptococci levels in faeces of farm 
animals are given in Table 1.3. 
 
16 
 
        Table 1.3 Microbial indicators (average numbers per gram wet weight) excreted in     
                         the faeces of warm-blooded animals                     
Group Faecal streptococci Escherichia coli Clostridium perfringens 
Farm animals 
Chicken 
Cow 
Duck 
Horse 
Pig 
Sheep 
Turkey 
Domestic pets 
Cat 
Dog 
Human 
 
3.4 x 106 
1.3 x 106 
5.4 x 107 
6.3 x 106 
8.4 x 107 
3.8 x 107 
2.8 x 106 
 
2.7 x 107 
9.8 x 108 
3.0 x 106 
 
1.3 x 106 
2.3 x 105 
3.3 x 107 
1.2 x 104 
3.3 x 106 
1.6 x 107 
2.9 x 105 
 
7.9 x 106 
2.3 x 107 
1.3 x 107 
 
1.2 x 102 
2.0 x 102 
- 
<1 
3.98 x 103 
1.99 x 105 
- 
 
2.51 x 107 
2.51 x 108 
1.58 x 103a 
Adapted from Geldreich 1978, Jones and Obiri-Danso (1999), and Ashbolt et al.,  
(2001). a Only 13-35% of humans excrete 
 
1.8 Environmental factors affecting the input of faecal pollution to surface waters 
 
The environmental factors that influence the input of FIO and potential pathogens include 
geology, soil type, soil moisture content, topography, rainfall and stream flow, vegetation, 
and land management practices (Allan and Johnson, 1997; Collins, 2002; Journeaux, 
2005). Other factors that will affect the ability of overland flow to transport 
microorganisms include faecal deposit age, and adsorption to soil particles. Microbial 
indicator organism levels in streams and rivers may also be affected by sedimentation, 
resuspension and die-off within the channel (Crowther et al., 2002). 
 
1.8.1 Soil type  
 
Soil characteristics and topography interact with rainfall intensity and amount to determine 
the amount of runoff. High infiltration and permeability in undisturbed soils leads to 
predominantly vertical flow paths while low permeability and infiltration lead to 
predominantly lateral flows such as overland flow (Bonell, 2005). Soil type is a key factor 
in determining transfer of faecal microbes into water. Soils that do not drain freely will 
encourage increased runoff during rainfall and therefore more pollutants are likely to be 
transported to the surface waters. For example, clayey soils will help in creating increased 
runoff. 
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1.8.2 Geology and topography  
 
„Geology‟ here refers to the types of rock that underlie the area in question. Permeable 
rocks will facilitate infiltration. Runoff increases with decreasing permeability, hence, less 
permeable catchments have larger runoff coefficients (Norbiato et al., 2009), thereby 
enhancing the transportation of more pollutants to surface waters. With respect to 
topography, the steeper the slopes, the faster the rate of runoff and the gentler the slopes, 
the less the runoff.  According to Journeaux (2005), steep topography promotes the 
generation of a significant volume of surface runoff under heavy and/or prolonged rainfall, 
providing an efficient mechanism by which faecal microbes are delivered to surface 
waters.  
 
1.8.3 Rainfall 
 
Rainfall intensities may exceed permeability at shallow depths, which leads to shallow 
lateral flows capable of triggering widespread overland flow (Godsey et al., 2004; Johnson 
et al., 2006; Chaves et al., 2008). Antecedent moisture conditions are also important 
determinants of catchment runoff response to precipitation (Mulholland et al., 1990). 
Rainfall drives the movement of microorganisms into and through surface waters and can 
move soil and resuspend sediments (Payment et al., 2003). The intensity and duration of 
rainfall is also another determinant of how much of a microbiological pollutant is 
transported to surface waters. Following a rainfall event, faecal matter from animals may 
be washed from agricultural land (overland flow) or urban areas (municipal wastewater) 
into nearby streams. During storm events, WWTW may become hydraulically overloaded 
causing wastewater to bypass full treatment and flow into the rivers. In LEDC, heavy 
rainfall can lead to disposal of pit latrines contents. Resuspension of microorganisms, 
including bacteria (following an increase in river flow) and sediment also plays a role in 
increasing the FIO levels of a river (Medema et al., 2003). 
 
1.8.4 Vegetation  
 
The type and density of vegetation have an influence on the quantity of runoff observed 
within a catchment under different meteorological and hydrological conditions (Molina et 
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al., 2007). Vegetation significantly influences runoff (El-Hassanin et al., 1993). A study by 
Mingguo et al. (2007) concluded that vegetation reduces runoff volume and changes the 
runoff-sediment yield relationship. Vegetation influences the rate which water and 
sediment are produced and transported through a river catchment system (Gregory and 
Walling, 1973; Braud et al., 2001; Descroix et al., 2001). Vegetation may reduce the 
momentum and the volume of surface and subsurface runoff, thereby aiding infiltration 
into the soil and promoting the entrapment of faecal material. Conversely, little or no 
vegetation will aid overland flow and promote the transportation of faecal material.  
 
1.9 Runoff generation and flow routes 
 
When there is a storm event, there is the generation of runoff. Runoff is the gravity 
movement of water to a channelized stream (Ward and Robinson, 2000), after it has 
reached the ground as precipitation. When storm rainfall intensity exceeds soil infiltration 
capacity after accounting for losses due to evapotranspiration (Petts and foster, 1985), 
surface runoff occurs simultaneously over the river catchment slopes (Richards, 1982). The 
movement can occur either on or below the surface. Once the water reaches a stream, it 
becomes streamflow, expressed as discharge (m3s). A continuous record of streamflow is 
called a hydrograph (Figure 1.2).  
 
 
Figure 1.2 A storm hydrograph (Petts and Foster, 1985) 
 
The rising limb of the hydrograph is the initial steep part leading up to the stormflow 
value. The water contributing to this part of the hydrograph is from rain that falls directly 
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onto the channel and rapid runoff mechanisms. The recession limb of the hydrograph is 
after the peak and is characterised by a long, slow decrease in streamflow until the 
baseflow is reached again (Davie, 2007). 
 
The hydrograph peaks (the water in the stream during and immediately after a significant 
rainfall event) are referred to as a stormflow or direct runoff. Stormflow is the sum of 
channel precipitation, surface runoff and quick lateral flow, and will represent the major 
runoff contribution during storm events (Ward and Robinson, 2000). The steady period 
between peaks are referred to as baseflow. Baseflow runoff, which continues even through 
dry weather periods, is sustained by drainage from storages (Richards, 1982; Petts and 
Foster, 1985) within the catchment. Subsurface flow contributes significantly to storm 
runoff where soil conductivity is high. The rate of river response to storm events is 
influenced by rainfall intensity and duration, catchment size, slope angles, topography, soil 
type, permeability and porosity of the underlying strata, vegetation type and percentage 
cover, degree of urbanisation and the antecedent soil moisture (Richards, 1982; Petts and 
Foster, 1985; Ward and Robinson, 2000; Davie, 2007). Figure 1.3 and Table 1.4 show the 
hydrographs and reasons for the response times in different reaches for the River Ouse 
respectively. 
 
Chalk catchments, for example, are dominated by a large groundwater store which 
considerably dampens flow variability in response to storm rainfall; characteristically 
chalk-stream floods have a long duration and decline slowly (Petts and Foster, 1985). 
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Figure 1.3 Hydrographs for the River Ouse (Environment Agency, 2006) 
 
Table 1.4 The River Ouse catchment response times to a storm event 
Hydrograph Part of the catchment Response time to 
maximum peak (hours) 
Reasons underlying response 
time 
1 Upper reaches of the 
River Ouse 
 
14 
Response relatively fast,  reflecting 
catchment geology and topography 
2 Upper reaches of the 
River Uck (tributary) 
 
11 
 
Catchment in this area is very steep 
3 Middle reaches of the 
River Ouse around 
Barcombe Mills 
 
19 
It takes a bit longer for storm 
runoff from upper reaches to reach 
the middle reaches 
Adapted from Environment Agency (2006) 
 
1.9.1 Runoff routes  
 
Precipitation may arrive in the stream channel by a number of flowpaths: overland flow; 
lateral flow; and groundwater flow (Ward and Robinson, 2000; Davie, 2007). The water, 
which runs across the surface of the land before reaching the stream, is termed overland 
flow (Qo). Lateral flow occurs in the shallow subsurface whilst groundwater flow occurs in 
the deep subsurface. The relative importance of each is dependent on the catchment under 
study and the rainfall characteristics during a storm. Areas in a river catchment prone to 
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inducing saturated overland flow include hillslope hollows, slope concavities and where 
there is a thinning of the soil overlying an impermeable base. Saturated overland flow is 
the dominant runoff mechanism in humid and mid-latitude areas (Davie, 2007). Geology, 
basin morphometry, soils and vegetation, as well as climatic factors interact to determine 
the seasonal pattern of runoff variation.  
 
1.10 Sediment and solute dynamics in fluvial systems 
 
Sediment load transported by rivers often represent the natural erosion and sediment 
transport process in a river catchment. Sediment load includes bedload (derived from the 
stream bed itself and bank erosion), suspended load (carried in the water column) and wash 
load, derived from slope erosion (Richards, 1982). Suspended sediment is frequently inert, 
as in the case of most clay and silt particles, but it can be organic in content and therefore 
have an oxygen demand. The sediment will be deposited at any stage when the river 
velocity drops and conversely, it will be picked up again with higher river velocities 
(Figure 1.4). In this manner the total suspended solids (TSS) load will vary in space and 
time. Temporal variations over storm-period, seasonal and annual scales occur in sediment 
concentration and load. Storm duration and rainfall intensity, and seasonal effects 
including antecedent discharge levels and temperature, all influence storm-period sediment 
load. Summer concentrations are normally higher than winter concentrations (Richards, 
1982). 
 
 
 
  Figure 1.4 Stream velocity, erosion, and deposition (Richards, 1982) 
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1.10.1 Solute sources and dynamics 
 
 Natural waters are relatively dilute aqueous solutions (Petts and Foster, 1985). Solutes in 
river waters are derived from the atmosphere, soil and chemical weathering of bedrock. 
The solute load and its ionic composition, reflect the weathering susceptibility and 
mineralogy of bedrock. Non-denudational solute sources such as sewage effluent and 
farmlands are often significant. The relative contribution to surface waters from each of 
these sources is a function of climate. Lateral flow may supply most of the stream‟s solute 
load (Richards, 1982). While the total dissolved solid loads of rivers increase directly as a 
function of mean annual runoff, concentrations usually decrease with increasing discharge 
(Petts and Foster, 1985). Measures employed in the analysis of solute dynamics include 
conductivity, redox potential, and pH.  
 
Seasonal patterns frequently dominate river water chemistry behaviour. The solute 
concentration of a given discharge varies seasonally partly because of storm events and 
partly because of seasonal biological influences (nutrient cycling processes). A stormflow 
caused by channel precipitation and saturated overland flow reduces solute concentration 
as a result of dilution, and delayed lateral flow peak increases solute concentrations as 
stored solutes are flushed from the soil profile (Figure 1.5a&b).  
 
    
Figure 1.5a Hydrograph and chemograph        Figure 1.5b Storm period solute response     
          (Petts and Foster, 1985)         Richards (1982)                                             
 
When a „flushing‟ event occurs at the beginning of a storm, solute concentrations may 
increase with discharge on the rising limb. However, dilution may occur if an initial 
hydrograph peak occurs as a result of direct channel precipitation; streamflow solute 
concentrations then increase during a subsequent lateral flow discharge peak, when 
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accumulated weathering products are flushed from the soil (Richards, 1982; Petts and 
Foster, 1985). Accumulated soils are flushed in autumn, but supply is exhausted in spring. 
Some ions (K+, Ca2+, Mg2+ and NO3
-) experience a seasonal change in their relation to 
discharge because they accumulate during the summer, while Na+ and Cl- ions show no 
seasonal variation especially in maritime catchments where they originate from 
atmospheric sources. Seasonal variations are often reflected in nitrogen concentration in 
the stream water draining an intensively farmed arable river catchment. Nitrate leaching 
losses are greatest in the winter when plant uptake is minimal, and lowest in the summer 
when the plants are growing rapidly (Gray, 2008). The late spring peak values correspond 
to the „flushing‟ of nitrogen by the first big storm after fertiliser application. In a river 
catchment where the dominant source of nitrogen is sewage effluent the seasonal pattern of 
concentration is reversed, with the fairly constant input of effluent undergoing greater 
dilution by the generally larger flows of river water in winter. 
 
In agricultural regions, erosion and suspended load play important roles in water pollution 
(Edwards and Withers, 2008). Areas with surface runoff and a good hydraulic connection 
to a stream bear the risk of water pollution during rain events (Kändler and Seidler, 2009). 
 
1.11 The European Union (EU) legislation and water quality 
 
A renewed emphasis on source water protection and catchment management approaches 
has resulted from the Water Framework Directive (2000/60/EC). The approaches are 
intended to protect surface waters, and to achieve and maintain good water quality. The EU 
Water Framework Directive (WFD) (2000/60/EC) according to Griffiths (2002) and Kay et 
al. (2006) is the most important piece of environmental legislation so far produced by the 
EU. As set out in this Directive, all EU Member States are required to manage both PS and 
NPS of pollution so as to achieve the unprecedented condition of „good ecological status 
and quality‟ in their watercourses by 2015 (EU, 2000). This is to be achieved through 
integrated catchment management with no deterioration of the current status (Achleitner et 
al., 2005). As Kay et al. (2006) have noted, the most striking feature of the Directive is a 
fundamental shift from traditional PS effluent quality regulation towards ambient water 
quality control at the point where water is used for ecosystem maintenance, water supply, 
recreation or fisheries. The Directive repeals earlier water legislation such as the old 
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Council Resolution of 28 June 1988, which specifically required action to improve 
ecological quality of surface waters in the community (Griffiths, 2002). The WFD was 
approved on the 30 June 2000, published in the Official Journal of the European 
Commission and came into force on 22 December 2000. The Directive involves a number 
of steps which include identifying waters, describing their present ecological quality, 
identifying the sources of pollution, setting desirable levels of quality and implementing an 
action programme to meet these levels over a realistic timescale.  
 
The overall aim of the WFD is to maintain and improve the aquatic environment through 
attention to quality issues. The specific objectives of the Water Framework Directive 
include amongst others (EU, 2000):  
 achieving “good status” for all of Europe‟s surface waters and groundwater by 
2015, Article 4(1). However, recent assessments by the European Commission 
reveal that at least 40 per cent of the EU‟s surface water bodies are at risk of not 
meeting the 2015 objective (European Commission, 2008) 
 expanding the scope of water protection to surface waters and groundwater 
 an innovative approach for water management based on river basins, instead of 
administrative or political boundaries 
 streamlining legislation. This Directive repeals seven directives, those on surface 
water and related Directives on measurement methods and sampling frequencies 
and information sharing on water quality; the fish water, shellfish water, and 
groundwater directives; and the directive on dangerous substances discharges. 
 
1.12 River basin management plans (RBMP) in the EU 
 
The objectives of the WFD should be integrated for each river catchment using the RBMP 
approach. The RBMP is an approach whereby water bodies are identified and the Member 
State is divided into planning units, called River Basins, based on river catchment areas. As 
these divisions are based on river catchments, there are supranational river basins like the 
Danube. The rivers in the basins are then assessed for pressures and impacts, such as 
pollution or over-abstraction and the risk of them failing to meet the WFD objectives if no 
action is taken. These analyses constitute a management plan, a detailed account of how 
the objectives set for the river basin are to be reached within the timescale required. The 
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plan includes river catchment characteristics, a review of the impact of human activity on 
the status of waters in the basin, estimation of the impact of existing legislation and any 
gap in meeting these objectives; and a set of measures designed to fill the gap 
(Environment Agency, 2008).  
 
In the UK, the need for integrated catchment management has been recognised, since the 
catchment is the level at which natural processes are best monitored, and is therefore the 
most appropriate level for dealing with water issues. According to the UK Environment 
Agency (2006), the Department for Environment, Farming and Rural Affairs (Defra) and 
the Welsh Assembly Government have developed some guiding principles for river basin 
planning. The principles are: 
 integrate and streamline plans and processes 
 set out a clear, transparent and accessible process of analysis and decision-making 
 focus at the river basin district level 
 work in partnership with other regulators 
 encourage active involvement of a broad cross-section of stakeholders 
 make use of the alternative objectives to deliver sustainable development 
 use Better Regulation principles and consider the cost-effectiveness of the full 
range of possible measures 
 seek to be even handed across different sectors of society and sectors of industry 
 seek to be even handed and transparent in the management of uncertainty 
 develop methodologies and refine analyses as more information becomes available. 
 
The UK Government has divided England and Wales into nine river basin districts (RBDs) 
(Figure 1.6). The River Ouse, East Sussex, falls within the South East river basin district 
(Environment Agency, 2006). River basin management plans in the UK are reviewed every 
six years.  
 
In terms of research, the integrated river-basin management implied by the Directive 
necessitates research that cuts across traditional disciplines to find more effective and 
efficient ways to monitor and manage the river catchments.  
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Figure 1.6 River Basin Districts (England and Wales) (Environment Agency, 2003; 2009) 
 
This will imply new science and understanding to be developed, the building of 
mathematical catchment models to give support to harmonised decision-support tools, 
which are needed to predict the down-stream water quality for a range of parameters (Kay 
Image not available due to copyright restrictions
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et al., 2006). There should be identification of the causal links between ecology and water 
characteristics (microbiological, physical, chemical or hydrological). According to 
Heathwaite et al. (2005), to facilitate the implementation of the Directive there is a need to 
quantify and manage NPS pollution, which derives from the farming community and urban 
sources. Therefore, this novel study is important and directly relevant to the needs of the 
integrated river-basin management and those of South East England River Basin District in 
particular.  
 
1.13 The Freshwater Fish Rivers Directive (2006/44/EC) 
 
The European Commission (EC) Freshwater Fish Directive (2006/44/EC) was first adopted 
on 18th July 1978 (78/659/EEC) but consolidated in 2006 (EU, 2006). The main aim of the 
Directive is to protect and improve the quality of those freshwater bodies identified by 
Member States as waters suitable for sustaining healthy fish populations. For such areas of 
water that are chosen, it sets chemo-physical water quality standards and monitoring 
requirements. This Directive is recognised under the WFD, which will replace it in 2013. 
Significant stretches of the River Ouse and its tributaries are designated into two categories 
by the UK Environment Agency. The categories are freshwater rivers suitable for 
salmonids (mainly salmon and trout) and freshwater suitable for cyprinids (for example, 
carp and bream) (Table 1.5).  
 
Table 1.5 Freshwater Fish Directive designated reaches of the Sussex Ouse catchment 
                                                     Designated reaches 
Waterbody                          Location    Class 
Ouse Scaynes Hill WWTW to Uck confluence Salmonid 
Shortbridge stream Duddleswell to Ouse confluence Salmonid 
Uck Source to Ridgewood stream confluence Salmonid 
Cockhaise brook Holywell Abstraction to Ouse confluence Cyprinid 
Longford stream Source to Ouse confluence Cyprinid 
Bevern stream Streat Lane to Ouse confluence Cyprinid 
Glynde reach Source to Ouse confluence Cyprinid 
Ardingly Reservoir TQ331294 Cyprinid 
Source: Environment Agency (2006) 
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1.14 Bacteriology and the faecal indicator concept 
 
The development of bacteriology as a science following recognition in the nineteenth 
century that bacteria were agents of disease, has made it possible to use bacteria as tools to 
evaluate microbial water quality (Colwell, 1978; Ashbolt et al., 2001). In 1885 Escherich 
described the bacterial species he believed to be characteristic of human faeces and, 
therefore, an indicator of faecal pollution (Colwell, 1978). In order to assess risk to health 
it was recognised that this may best be achieved through the use of indicator organisms. 
Faecal indicator organisms (FIO) are groups of microorganisms found in warm-blooded 
mammals whose presence indicates the potential presence of pathogenic microorganisms. 
The most important characteristics of an „ideal‟ FIO are that they   
a) are present whenever pathogens are occur  
b) occur in large numbers in the faeces of human and other warm-blooded mammals  
c) be specific for faecal or sewage contamination and be present in greater numbers 
than faecally transmitted pathogens  
d) be readily detectable by simple, rapid and inexpensive methods   
e) should not grow in natural waters  
f) be non-pathogenic, and  
g) are at least as resistant as pathogens to conditions in natural waters and water 
purification and disinfection processes (Environment Agency, 2002).   
However, whilst FIO are capable of identifying waters contaminated by faecal material, 
they are unable to identify the source or sources of such pollution. This limitation has led 
to the development of microbial MST techniques.  
 
The FIO including thermotolerant coliforms (principally Escherichia coli) and intestinal 
enterococci (formerly faecal streptococci) underpin water quality regulations worldwide 
(for example, the new European Union Bathing Water Directive, Directive 2006/7/EC and 
Drinking Water Directive, Council Directive 98/83/EC).  
 
1.15 Microbial source tracking (MST) 
 
MST may best be described as a toolbox of microbiological and chemical techniques 
(Table 1.6), which have been developed in order to determine the dominant sources of  
29 
 
Table 1.6 Current methods used for MST: Advantages and disadvantages 
Method          Advantages                  Disadvantages 
 
Library-dependent methods 
 
Antibiotic resistance 
analysis (ARA) 
 
 
 
 
Multiple antibiotic 
resistance (MAR) 
 
 
Carbon-source utilisation 
profiling (CUP) 
 
 
Fatty acid methyl ester 
(FAME) profiling 
 
 
Repetitive pcr (REP-PCR) 
 
 
Amplified fragment length 
polymorphism (AFLP) 
 
 
Pulsed field gel 
electrophoresis (PFGE) 
 
 
 
Box-polymerase chain 
reaction (BOX-PCR) 
 
Ribotyping 
 
 
 
Random amplified 
polymorphic DNA (RAPD) 
 
 
Phage typing 
 
Fecal coliform/fecal 
streptococcus ratio 
 
 
Bifidobacterium sp. 
 
 
 
B. fragilis HSP40 
bacteriophage 
 
 
 
Relatively simple and allows for the 
analysis of hundreds of isolates in a short 
period of time. Appropriate to MST 
analysis of simple or small catchments. 
 
 
Rapid; can be used to discriminate isolates 
from multiple animal sources. 
 
 
Relatively simple and allows for the 
analysis of hundreds of isolates in a short 
period of time. 
 
Host specific. 
 
 
 
Discriminatory; does not require knowledge 
of genomic structure; reproducible. 
 
High discrimination; works with most 
strains; reproducible; conclusive results; 
automatable. 
 
Extremely sensitive to minute genetic 
differences (High discrimination); 
reproducible; works with most strains; 
conclusive results. 
 
Rapid; easy to perform. 
 
 
Highly reproducible; some methods useful 
for classifying isolates from multiple 
sources; automated. 
 
Rapid; easy to perform; may be useful to 
differentiate host source. 
 
 
High level of host specificity; does not 
require electrophoresis. 
 
Easy to perform; may be useful for recent 
contamination. 
 
Sorbitol fermenters may be human specific. 
 
 
 
Very human specific; easy to perform. 
 
 
 
Difficult to interpret in scenarios where agricultural 
practices involve application of faecal materials to 
land; susceptible to bias due to the transfer of 
plasmids carrying multiple antibiotic resistance 
genes. 
 
Requires reference database; may be 
geographically specific; isolates that show no 
antibiotic resistance cannot be typed. 
 
Environmental factors in a catchment that can 
affect bacterial nutrient requirements may make 
this method impractical for field determination.  
 
FAME profiles of E. coli are lower compared to 
those of FC and TC, it might be difficult to 
associate E. coli isolates to a single source. 
 
Cell culture required; requires large database of 
isolates; variability increases as database increases. 
 
Expensive equipment required; technically 
demanding. 
 
 
Long assay time; limited simultaneous processing; 
high study cost. 
 
 
 
Reproducibility a concern; reference database 
required; may be geographically specific. 
 
Labour-intensive; reference database required; may 
be geographically specific; variations in 
methodology exist; slow. 
 
Library dependent; cultivation of target organisms; 
libraries may be geographically specific; libraries 
may be temporally specific. 
 
Library-dependent; not all strains typeable; 
technically demanding; inconclusive results. 
 
Variable survival rates of faecal streptococci can 
alter ratio. 
 
Low numbers present in environment; 
variable survival rates; culture methods not well-
defined. 
 
Not present in sewage in some areas. 
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Table 1.6 (Continued)  
Method          Advantages                  Disadvantages 
Library-independent 
 
Denaturing gradient gel 
electrophoresis (DGGE) 
 
 
Bacteroides (GB-124) 
Bacteriophage 
 
B. thetaiotaomicron GA-17 
 
Human enteric viruses 
 
 
 
Bacteroides-Prevotella 
molecular marker 
 
 
Caffeine 
 
 
Fecal sterols and/or stanols 
 
 
 
Length heterogeneity PCR 
(LH-PCR) 
 
Terminal restriction 
fragment length poly-
morphism (T-RFLP) 
 
Restricted fragment length 
polymorphism (RFLP) 
 
Enterococcal surface 
protein gene (Esp Gene) 
 
 
F+RNA coliphages typing 
 
 
 
Gene-specific PCR 
 
 
 
Host-specific PCR 
 
 
 
Virus-specific PCR 
 
 
F_ RNA bacteriophage 
 
 
Bacteroides 16S rRNA 
 
 
Works on isolates and total DNA 
community. 
 
 
Very human specific; easy to perform. 
 
 
Human specific; easy to perform. 
 
Human specific; direct monitoring for 
pathogen circumvents need to use 
indicators. 
 
Does not require culturing of organism; 
PCR method is rapid, easy to perform. 
 
 
Useful for assessing impact from human 
sewage. 
 
Some sterols/stanols have greater 
specificity for humans and/or animals. 
 
 
Does not require culturing, does not require 
database. 
 
Does not require culturing, does not require 
database 
 
 
Reproducible; most strains typeable. 
 
 
Association between Esp and biofilm in E. 
faecium  can help in the establishment of 
the E. faecium infectious process. 
 
Distinguishes human from animals; easy to 
perform; subtypes are stable characteristics; 
library independent. 
 
Library independent; can be adapted to 
quantify gene copy number; virulence genes 
may be targeted. 
 
Rapid; easy to perform; library 
independent; no cultivation of target 
organism. 
 
Easy to perform; host specific; library 
independent. 
 
Groups are well-correlated with source; 
easy to perform. 
 
No library required; rapid. 
 
 
High diversity among environmental isolates; 
technically demanding; time consuming; limited 
simultaneous processing. 
 
Do not occur in consistently high numbers in 
surface waters. 
 
Turbid plaques reported in UK; region specific. 
 
Low numbers in environment; labour-intensive; 
and more sensitive methods needed. 
 
 
Little is known about survival and distribution in 
water systems; currently not applicable to all 
animals. 
 
Minute quantities in the environment make 
sensitivity an issue; requires expensive analyses. 
 
Present naturally in sediments; requires expensive 
analyses; low prevalence makes sensitivity an 
issue. 
 
Expensive equipment required; technically 
demanding. 
 
Expensive equipment required; technically 
demanding. 
 
 
Technically demanding; many probes needed to 
achieve adequate discrimination. 
 
Low power of discrimination between animal and 
human sources; not a method reliable for sewage 
contamination. 
 
Low in numbers in some environments; requires 
cultivation of coliphages; subtypes do not exhibit 
absolute host specificity. 
 
Technically demanding; may require enrichment or 
large quantity of sample; primers currently not 
available for all relevant hosts. 
 
Primers currently not available for all relevant 
hosts; little knowledge about survival and 
distribution in water systems. 
 
Requires large sample size; low in numbers; not 
always present even humans present. 
 
Unreliable in marine and tropical waters due to 
variable survival rates. 
 
High cost; results take about a month. 
Adapted from Scott et al. (2002); Simpson et al. (2002); USEPA (2005); Blanch et al. (2006); Di Rosa et al. (2006); 
Ahmed et al. (2007); Domingo et al. (2007); Edge and Hill (2007); Field and Samadpour (2007); Haznedaroglu et al. 
(2007); Heikens et al. (2007); Whitman et al. (2007); and Byappanahalli et al. (2008)  
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faecal contamination and pathogens impacting a particular river catchment (Scott et al., 
2002; Stewart et al., 2003; Graves et al., 2007). It can also be defined as a process for 
detection and/or measurement of human- and animal-derived faecal contamination in water 
(Simpson et al., 2002) and in aquatic ecosystems. 
 
This ability to identify the provenances of faecal contamination facilitates the evaluation of 
associated health risks as well as the remedial actions to aid in restoring the water quality, 
and reducing the risk of infectious disease resulting from ingestion of, and contact 
recreation with contaminated waters (Hagedorn et al., 1999; Graves et al., 2007). Since 
MST markers are usually sentinels for specific pathogens, similar principles and 
limitations exist in the use of the FIO approach for disease prediction and management.  
 
Microbial source tracking is useful for identifying the polluting agent and to provide 
information on which to make evidence-based decisions regarding public health risks 
posed by faecal pollution of freshwater, and for estimating the impact of water-related 
infectious diseases (USEPA, 2001; Edge and Hill, 2007; Graves et al., 2007; Shah et al., 
2007; Yampara-Iquise, et al., 2008), enhancing remedial measures for faecal polluted 
rivers (Domingo et al., 2007; Graves et al., 2007), apportioning blame and legal 
responsibility for remediation (Blanch et al., 2006), developing total maximum daily loads 
(TMDL) for pathogens in waterbodies that are not meeting their designated water uses 
(USEPA, 2005), and minimising economic impacts (Dickerson et al., 2007; Domingo et 
al., 2007; Edge and Hill, 2007). Given that there is no ideal MST method, a combination of 
MST methods may be required in order to provide a viable alternative or supplement to 
assist abatement of microbial water quality problems. Host-specific Bacteroides and 
Bacteroides markers have been widely used (Reischer et al., 2009) for MST field studies in 
Australia (Ahmed et al., 2008; 2009), Austria (Reischer et al., 2007), Belgium (Seurinck et 
al., 2006), France (Gourmelon et al., 2007), Japan (Okabe et al., 2007), Kenya (Jenkins et 
al., 2009), the United Kingdom (Ebdon et al., 2007), and USA (Bernhard et al., 2003). 
 
1.16 Description of faecal indicator organisms (FIO) used in this study  
 
A range of traditional bacterial indicator organisms were combined with less-commonly 
used indicators of faecal contamination in an attempt to gain a clearer understanding of the 
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nature and likely risks to health from various point (PS) and non-point pollution (NPS) 
sources. In addition to thermotolerant coliforms, intestinal enterococci, Clostridium 
perfringens, somatic coliphages, a recently isolated strain of Bacteroides was used to 
determine the source of the faecal contamination.  This range of organisms, each with 
different survival (persistence) characteristics has not been investigated in combination 
before. Also, because the behaviour of enteric microorganisms in river catchments 
underpinned this study, there was the need to use a variety of organisms. 
 
The enumeration during this study of the widely used FIO namely, thermotolerant 
coliforms, intestinal enterococci, and spores of Clostridium perfringens on which standards 
for microbiological water quality parameters rely, was combined with less commonly used 
somatic coliphages and phages of Bacteroides (GB-124). Thermotolerant coliforms and 
intestinal enterococci have traditionally been used as surrogate measures of infection risk 
(Medema et al., 2003; Kay et al., 2007) and they form the basis of numerical microbial 
standards in the EU WFD, covering drinking, recreational, and shellfish harvesting waters 
(Edberg et al., 2000), and are also widely used in monitoring the faecal contamination of 
water bodies around the world (Berg et al., 1978; Bai and Lung, 2005).  
 
1.16.1 Identification of coliforms 
 
Coliform bacteria are Gram-negative, non-sporeforming, oxidase-negative, rod-shaped 
bacteria, which are capable of aerobic and facultatively anaerobic growth in the presence 
of bile-salts (or other surface-active agents with similar growth-inhibiting properties), and 
which are normally able to ferment lactose (Anon, 2001a; Mason, 2002; Huang, 2005) 
with the production of acid and aldehyde within 48 h, when incubated at a temperature of 
36 (± 2) °C. They also possess the enzyme β-galactosidase. This definition includes the 
genera Escherichia, Citrobacter, Klebsiella, and Enterobacter (now called thermotolerant 
coliforms). Not all these organisms inhabit the intestinal tract of warm-blooded animals 
exclusively. 
 
The thermotolerant (faecal) coliforms group is a sub-group of the total coliforms that grow 
mainly in the intestines of warm-blooded animals. These organisms are delineated from 
other coliforms by their ability to grow at elevated temperatures. A major component of 
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this group is the species Escherichia coli. Thermotolerant coliforms remain the best 
biological indicator for drinking water and public health protection (Environment Agency, 
2002). It is a member of the family Enterobacteriaceae and is capable of fermenting lactose 
or mannitol at 44°C, usually within 24 hours, and produces indole from tryptophan. Most 
of the thermotolerant coliform strains possess the enzyme β-glucuronidase, give a positive 
result in the methyl red test and can decarboxylate L-glutamic acid but are not able to 
produce acetyl methyl carbinol, utilise citrate as the sole source of carbon or grow in 
potassium cyanide (KCN) broth. Thermotolerant coliforms are generally considered to be 
of strictly faecal origin. 
 
As early as 1914, the U.S. Public Health Service adopted the coliform group as an 
indicator of faecal contamination of drinking water (Huang, 2005). The relative risk of 
enteric pathogen presence can be roughly indicated by the number of faecal coliforms 
present, which can be detected and enumerated. Faecal coliforms might have positive 
correlations with pathogens for freshwater (Borrego et al., 1987). The ratio of faecal 
coliforms to faecal streptococci (FC/FS ratio) has been suggested to indicate the 
provenance of contamination of water (Mason, 2002). However, there are many factors 
that can hinder the usefulness of this ratio, hence its use has been largely abandoned and no 
longer recommended (Geldrich, 1976; Pourcher et al., 1991; Sinton et al., 1993; Howell et 
al., 1995; Solo-Gabriele et al., 2000; Ashbolt et al., 2001) unless very recent faecal 
contamination is suspected (Howell et al., 1995). The two groups behave differently in the 
environment (the coliforms dying-off more quickly in the environment) causing the ratio to 
change over time (Geldrich, 1976). Geldrich (1976), APHA (1998), and Solo-Gabriele et 
al. (2000) also found that the microbial counts were dependent on the media used for 
bacterial isolation. However, the FC/FS ratio could be included with source tracking. 
 
According to the WHO (2006), thermotolerant coliforms are a more specific indicator of 
faecal contamination (Wilkes et al., 2009). However, it has been hypothesised that 
thermotolerant coliforms may multiply in stream water samples in tropical environments 
(Hardina and Fujioka, 1991). Also, findings by Byappanahalli et al. (2003) and Whitman 
et al. (2003) indicated that Cladophora (green algae) provided a suitable environment for 
thermotolerant coliforms and intestinal enterococci, and that Cladophora was an important 
environmental source of thermotolerant coliforms and intestinal enterococci. 
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1.16.2 Identification of intestinal enterococci 
 
Enterococci are a sub-group of the faecal streptococcus group. Intestinal enterococci are 
defined as Gram-positive cocci that tend to form in pairs and chains. They are non-spore-
forming, oxidase-negative, possess Lancefield‟s Group D antigen and are able to reduce 2, 
3, 5-triphenyltetrazolium chloride to formazan and to hydrolyse aesculin at 44 °C (Anon, 
2000a). They grow by fermentation and anaerobically in the presence of bile salts and in 
sodium azide solutions. A number of enterococci species occur in the faeces of humans 
and warm-blooded animals. The main reason for their enumeration has been to assess the 
significance of the presence of coliform bacteria in the absence of thermotolerant 
coliforms, or to provide additional information when assessing the extent of possible faecal 
contamination, hence, they were formerly regarded as secondary indicators of faecal 
pollution (Environment Agency, 2002). However, epidemiological studies have 
demonstrated that intestinal enterococci from anthropogenic sources may have more 
similar survival characteristics to human pathogenic viruses than thermotolerant coliforms 
and, therefore, have become the preferred microbiological indicator of health risks in 
surface waters (Kay et al., 2005a).  
 
However, it should be noted that intestinal enterococci have been shown to regrow, 
especially in tropical and subtropical areas (Byappanahalli and Fujioka, 1998; Muyima and 
Ngcakani, 1998; Solo-Gabriele et al., 2000; Desmarais et al., 2002; Byappanahalli et al., 
2003; Whitman et al., 2003; Anderson et al., 2005). Some intestinal enterococci found in 
water can occasionally also originate from other habitats (Anon, 2000a). Also, it should be 
noted that some intestinal enterococci found in water could occasionally be those that 
occur through environmental expansion of populations from human and animal sources 
(Anderson et al., 1997a; Chao et al., 2003). Anderson et al. (1997a) suggested that these 
populations are not directly sourced from humans or animal faeces, but are present on 
organic material and replicate in the environment. Intestinal enterococci which 
survive/multiply within specific non-faecal environments (population expansion) may later 
contaminate adjacent water. 
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1.16.3 Spores of Clostridium perfringens  
 
Spores of Clostridium perfringens (with former names of Bacillus perfringens, Clostridium 
welchii) are members of the sulphite-reducing clostridia, which are anaerobic Gram-
positive, spore-forming, rod-shaped, non-motile organisms capable of fermenting lactose, 
reducing nitrate and liquefying gelatine. Clostridium perfringens reduces sulphite to 
sulphide at 37C within 24 hours (Environment Agency, 2002). Most clostridia are strictly 
anaerobic. Clostridium perfringens are present in human and animal faeces in much 
smaller numbers than thermotolerant coliforms or intestinal enterococci (Environment 
Agency, 2002), so may be less useful as indicators of discharges from septic tanks. They 
are commonly found in soil, water, air, and in a variety of raw and processed foods (Labbe 
et al., 2001; Brynestad and Granum, 2002; Environment Agency, 2002; Scott et al., 2002; 
Juneja et al., 2003). 
 
Clostridium perfringens may be particularly useful in situations were the prediction of the 
presence of viruses or remote faecal pollution is desirable (Scott et al., 2002). Clostridium 
perfringens are useful as a conservative indicator of remote faecal pollution, since they are 
much more stable in environmental waters than most important waterborne pathogens 
(Fujioka and Shizumura, 1985). The results reported by Payment and Franco (1993) 
showed that in river water, Clostridium perfringens levels significantly correlated with the 
presence of human enteric viruses (r = 0.63, P = 0.001), hence they may be a more suitable 
indicator of such viruses. The results further suggested that both somatic coliphages and 
Clostridium perfringens could be used as suitable indicators for the presence of pathogens 
of faecal origin in surface waters. Several other researchers have reported the use of 
Clostridium perfringens as suitable indicator of faecal pollution (Bisson and Cabelli, 1979; 
Morinigo et al., 1990; Hill et al., 1993). Spores of Clostridium perfringens are useful as a 
water quality indicator because: 
a) They are consistently present at moderate levels in human faeces as well as in 
wastewaters 
b) The method for their detection and enumeration is simple 
c) They have been successfully used to monitor wastewater-contaminated streams, 
and  
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d) They form highly resistant spores that persist under extreme conditions in aquatic 
environments (Hill et al., 1993; Brynestad and Granum, 2002). 
One reported limitation (Desmarais et al., 2002) of the use of spores of Clostridium 
perfringens is the extreme resistance of these bacterial spores to adverse environmental 
conditions and the possibility that their detection may indicate a pollution event that 
occurred a long time ago, and which was dealt with accordingly. 
 
1.16.4 Heterotrophic bacteria  
 
Heterotrophs are defined as microorganisms that require organic carbon for growth (WHO, 
2002). The heterotrophic plate count (HPC) is a procedure for estimating the numbers of 
live aerobic and facultatively anaerobic heterotrophic bacteria (those that have the ability 
to carry out aerobic respiration if oxygen is present but also capable of switching to 
fermentation) in a water sample capable of growing in some commonly used media such as 
Plate Count Agar. HPC bacteria are used as a sentinel in the surveillance of water quality 
and are generally non-pathogenic (Francisque et al., 2009). The level of bacteria 
determined by HPC indicates the overall microbiological status of the system, thus, they 
are a supplementary indicator of microbial water quality. Another benefit of HPC is that 
data are generated that can provide an indication of seasonal and longer-term changes in 
the general bacteriological quality of the water, and not necessarily the possibility of risk to 
public health, although such bacteria have been recently implicated as potential pathogens 
in drinking water (Environment Agency, 2002). Abrupt increases in HPC levels might 
sometimes concurrently be associated with faecal contamination. To ascertain whether a 
health risk exists, tests for faeces-specific indicators are carried out (Reasoner and 
Geldreich, 1985; Spino, 1985; APHA, 1998). The heterotrophic group of bacteria are 
extremely varied, and are defined by the medium utilised in their enumeration 
(LeChevallier et al., 1980; Spino, 1985). In the UK, the rationale for enumerating 
heterotrophic bacteria is to assess the general bacterial content of the water and to monitor 
trends or rapid changes in water quality (Environment Agency, 2002). 
 
A limitation of traditional faecal indicators of water quality is that they are not capable of 
distinguishing human from non-human sources of pollution. For instance they may not 
accurately indicate the presence of human pathogenic viruses (USEPA, 2001a), as their 
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presence is indicative of only the presence of faecal pollution and an indirect health risk 
(Payment and Franco, 1993). Conventional FIO have been shown to be significantly less 
resistant than viruses to environmental factors, and to water and wastewater treatment 
processes. As a result, enteric viruses may be present in water that shows little or no sign 
of bacterial pollution (USEPA, 1984). Therefore, on the basis of the above limitations, two 
bacteriophage groups (somatic coliphages and bacteriophages infecting Bacteroides spp.) 
that have been suggested as potential indicators of enteric viruses because of their similar 
structure, transport, and persistence in the environment (Gerba, 1987; IAWPRC, 1991; 
Bosch, 1998; Grabow, 2001), will also be enumerated in this study. 
 
1.17 Bacteriophages 
 
Bacteriophages or phages are viruses that can infect or lyse specific strains of bacteria 
(Leclerc et al., 2000; Maniloff, 2002). They can be used as potential indicator organisms 
for water quality assessment (IAWPRC, 1991; Grabow, 2001), and also as a tool for MST 
(Payan et al., 2005). Bacteriophages are favoured as surrogates for mammalian viruses, 
since bacterial indicators fail to give a reliable indication as to the virological quality of 
water (Bosch, 1998). Bacteriophages infecting Bacteroides spp., the F-specific RNA 
phages, and somatic coliphages, are groups of bacteriophages infecting enteric bacteria that 
have been used as potential indicators of viral contamination (Tartera et al., 1989; 
IAWPRC, 1991; Grabow et al., 1995; Lucena et al., 1996; Gantzer et al., 1998; Sinton et 
al., 1998; Duran et al., 2002; Gantzer et al., 2002; Scott et al., 2002; Lucena et al., 2005; 
Payan et al., 2005; Ebdon et al., 2007).  
 
According to Mendez et al. (2002) somatic coliphages (viruses that infect Escherichia coli 
and other thermotolerant coliforms) (Havelaar et al., 1986; Leclerc et al., 2000), F-specific 
RNA bacteriophages and bacteriophages infecting Bacteroides fragilis (obligate anaerobic 
bacteria) (Grabow, 2001) are microorganisms that are increasingly been used for water 
quality assessment. This stems from the fact that: 
a) They are capable of surviving for longer periods of time than bacterial indicators  
b) They may give a better indication of the presence of enteric viruses in terms of their 
structure, composition, morphology, size, and site of replication (Grabow, 2001; 
Tartera and Jofre, 1987; Tartera et al., 1992; Muniesa et al., 1999)  
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c) Tartera et al. (1989) concluded that phages of Bacteroides do not appear to 
replicate outside the intestinal tract due to their reliance on a metabolically active 
host. On the basis of this evidence, they concluded that phages of Bacteroides seem 
to be an excellent indicator of human viruses and may help to differentiate human 
from animal faecal pollution. However, further work is required to understand 
better the geographical stability of Bacteroides host strains (Ebdon et al., 2007) 
d) The persistence of viruses relative to bacterial indicators also means that viral 
analysis could be advantageous for situations requiring tracking of faecal 
contamination at a distance downstream from an input point (Noble et al., 2003) 
e) Bacteriophage assay conditions are much simpler and cheaper than any of the 
enteric virus detection methods (Anon, 1998a; APHA, 1998; Green et al., 2000; 
Leclerc et al., 2000; Gantzer et al., 2002; Muniesa et al., 2003). They are easily and 
rapidly cultured in the laboratory with results after just four hours for somatic 
coliphages (USEPA, 2001; Lucena et al., 2005). Importantly, The method is also 
library-independent 
f) Grabow (2001) argues that since human enteric viruses are released into the 
environment almost exclusively from humans, phages, which infect typical enteric 
bacteria such as thermotolerant coliforms, resemble human viruses with regard to 
origin and release into the environment. Therefore, he strongly supports their use, 
notably coliphages and phages of Bacteroides as surrogates for enteric viruses 
g) Phages are often present in surface waters at levels high enough to allow direct 
enumeration in small volumes of sample (Méndez et al., 2004; Ebdon et al., 2007), 
and 
h) Methods for detecting and enumerating phages are readily available.  
 
According to Noble et al. (2003), viruses are a better marker of waste from human 
populations, and since water quality problems of human concern are more likely to stem 
from human population-based contamination, coliphages and viral pathogen analyses are 
better suited for most real world scenarios.  
 
Though it has been reported that somatic coliphages can multiply where host bacteria are 
available in the environment and hence some of the coliphages that are detected and 
enumerated in environmental samples may have originated outside the gut and 
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consequently do not reflect correctly the faecal microbial contamination (Grabow et al., 
1980; Seeley and Primrose, 1980; Borrego et al., 1990), bacteriophages infecting 
Bacteroides spp. have not been reported to be able to multiply under environmental 
conditions. Jofre (2009) has concluded from available sound scientific evidence that the 
number of somatic coliphages resulting from replication outside the gut (in the 
environment) has a negligible contribution to the levels detected in water environments by 
the standardised methods presently available. Consequently, replication in the environment 
should no longer be argued to be a limitation to the use of somatic coliphages as indicators 
in water microbiological quality control. Also, bacteriophages might be considered 
obligate parasites, hence, they can not replicate in the absence of a suitable prokaryotic 
genome. 
 
In this study, the phages of interest were bacteriophages infecting Bacteroides spp. (a 
Bacteroides host strain (GB-124) isolated from Southern England (Payan et al., 2005; 
Ebdon et al., 2007) and somatic coliphages. Detection and enumeration of these two 
phages were carried out using the double-agar plaque count technique (Jofre et al., 1986). 
 
1.18 Rationale of the study 
 
This study uses the River Ouse catchment (a rural catchment in southern England) as a 
test-bed on which to test new ways, and further test some previously developed ways of 
identifying and predicting how faecal pollution of rivers responds to rainfall and other 
environmental parameters. The study combines the use of traditional water quality 
parameters with novel microbial source tracking tools. According to Payment and Franco 
(1993), current research favours bacteriophages and Clostridium perfringens as better 
indicators of drinking water quality and treatment. Interestingly, phages of Bacteroides 
(GB-124) have never previously been studied alongside spores of sulphite-reducing 
clostridia spores. Rural catchments present unique challenges in that they serve as water 
sources for a variety of activities (for example, drinking water for humans and livestock, 
irrigation, and recreation) and often contain both PS and NPS of microbial pollution (for 
example, livestock operations, household septic systems, wildlife, and water course 
sediments (Sinclair et al., 2009). Identifying the source of the contamination in water can 
provide critical information necessary for the development of rational and effective 
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mitigation strategies, such as management measures for agricultural sources (Fremaux et 
al., 2009). 
 
Crowther et al. (2002) have acknowledged that information about the spatial and temporal 
variations in levels of FIO within lowland catchments in the UK and the sources and 
controlling factors that affect these is still fragmentary. At the local scale, the study aims to 
highlight where and when high faecal levels occur in the catchment, help demonstrate 
where and when contact recreation of river water is best avoided, and highlight where farm 
management practice should be improved to mitigate faecal pollution. The River Ouse 
catchment, being a lowland catchment could offer a model for other lowland catchments 
on a regional scale. The study will assemble information critical to the development of 
effective policies to reduce faecal inputs to surface waters, provide information for river 
basin management, and may inform future UK and EU guidance and policy to enhance 
compliance with the EU WFD and other related Directives, and above all reduce potential 
health risks to humans (Figure 1.7).  
 
The study will yield necessary information on sources of pollution within the catchment 
area of abstraction sites that will give both an indication of the level of faecal 
contamination that may be expected and potential public health risks from waterborne 
diseases, and therefore, the information could be used to support more appropriate water 
treatment systems and operational procedures (catchment control) to cope with future 
predicted rainstorms. 
 
The low cost approaches to monitor and predict microbial water quality in this study will 
be developed to be easily applied in other river catchments especially in LEDC where there 
is always the lack of adequate resources and political will to monitor microbial water 
quality in river catchments, hence, contributing to high mortality and morbidity rates from 
waterborne diseases. Developing inexpensive protocols and techniques to assess the 
microbiological impact of human, livestock, and wildlife populations on the water supply, 
which work in the LEDC may facilitate mitigation measures to help reduce the impacts of 
waterborne disease. Instead of monitoring for many microbiological parameters, it may be 
possible that in some situations a few chemo-physical parameters (surrogates) could be 
measured to give sufficient indication of the pattern of microbiological water quality to 
support appropriate pollution mitigation measures.  
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Figure 1.7 A simplified faecal-oral route of microbial contaminants in a river catchment 
 
In this study, the River Ouse catchment in Southeast England is used to assemble 
information critical to the development of effective and efficient policies, and best 
management practices to reduce faecal inputs to surface waters, and to develop novel 
inexpensive methods for effective microbiological water quality prediction to reduce 
potential negative human health impacts. 
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1.19 Aim  
 
To develop low cost methods of microbial water quality risk assessment to human health 
under a range of meteorological conditions. This will involve ascertaining the dynamics 
and the sources of microbial contamination under a range of meteorological conditions in a 
temperate chalk lowland river catchment, and developing a catchment-based framework 
consisting of a combination of novel practical tools, protocols, simple and low cost 
approaches for health risks analysis applicable to other river catchments (especially in less 
economically developed countries).  
 
1.19.1 Objectives 
 
i. To evaluate further the potential usefulness of Bacteroides strain (GB-124) 
as a method for identifying and quantifying human-specific sources of 
faecal contamination in the River Ouse catchment, and to find out whether 
faecal contamination is dominantly from humans or animals under a variety 
of meteorological conditions.  
ii. To support the development of the local RBMP by providing key 
information towards the characterisation (as required by the EU Water 
Framework Directive) of the South East River Basin District, S. E. England, 
and provide novel approaches to river basin management applicable 
throughout the EU and beyond. 
iii. To develop statistical multiple regression generic models that can predict 
presumptive thermotolerant coliforms and presumptive intestinal 
enterococci levels using chemo-physical and environmental parameters. 
iv. To investigate the spatio-temporal variations in microbial water quality so 
as to know where and when within the River Ouse catchment water quality 
issues are most likely to represent a significant threat to public health, and 
the combinations of conditions within the catchment that lead to non-
compliance with the WFD. 
v. To determine the dominant sources of faecal pollution at each of the 
sampling sites under a range of meteorological conditions.  
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vi. To apply Principal Component Analysis (PCA) and Cluster Analysis (CA) 
to extract those parameters that are most important in assessing seasonal 
variations in microbial and chemophysical water quality, and to extract 
“sentinel” monitoring stations respectively. 
vii. To identify important surrogates, and to come up with simple, low cost 
methods for microbial water quality risk assessment, and effective microbial 
water quality monitoring and management applicable to less economically 
developed countries (LEDC). 
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CHAPTER 2 – MATERIALS AND METHODS 
 
2.1 Background of study area: The River Ouse catchment 
 
The River Ouse in South East England (Figure 2.1), is approximately 67 km in length 
draining 396 km2 to its tidal limit, and is the second largest river catchment in Sussex.  
 
 
Figure 2.1 The Sussex Ouse and its tributaries (Courtesy of Sussex Ouse  
                  Conservation Society (S.O.C.S)) 
 
It rises from the Tunbridge Wells Sands in the High Weald and flows predominantly east 
and then south, before cutting through the Sussex Downs to the English Channel at 
Newhaven. The Weald Clay underlies much of the River Ouse catchment.  
 
The River Ouse contains 273 km of main river from the following catchments: Upper 
Ouse, middle Ouse, Lower Ouse, and River Uck (Environment Agency, 2008a). The 
tributaries of the upper Ouse are mainly small forest streams. These drain the High Weald 
areas of forest and heath land over geology of soft sandstones and clays (Environment 
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Agency, 2005). The tributaries are small and shallow, and are quick to respond to rainfall. 
Two of the lower tributaries, the Bevern and Northend streams are notable in that they are 
derived from springs rising in the chalk of the South Downs, continuing their journey over 
greensand and clay in their lower sections (Figure 2.1). The principal tributary of the Ouse 
is the River Uck, fed mainly by forest streams.  
 
The upper and middle reaches of the main river feature a varied riffle and pool system, rich 
in wildlife (Environment Agency, 2005). The Middle Ouse includes the following major 
tributaries: the Shortbridge stream, the Batts Bridge stream, the Longford and the Bevern 
streams. Below Barcombe Mills the river is tidal (Figure 2.1) with the flow moderated by a 
half-weir at Hamsey. 
 
The River Ouse catchment is predominantly a rural (only 7% of the land classed as urban) 
(Environment Agency, 2006) catchment with many small settlements and villages 
dispersed throughout the catchment. The urban areas within the River Ouse catchment 
include Haywards Heath, Uckfield, Lewes, Lindfield and Newhaven (Environment 
Agency, 2005; 2008a). The Bevern Stream (a tributary of the River Ouse) flows through 
Plumpton Green, Ditchling, and Barcombe (Environment Agency, 2006; Ebdon et al., 
2007). Average annual rainfall ranges from approximately 700 mm to 1000 mm 
(Environment Agency, 2008a).  
 
A number of potential faecal sources are present in this catchment. Whilst agriculture is the 
principal land use, there are over twenty WWTW discharging partially treated municipal 
wastewater into the river system (Ebdon et al., 2007). There are five significant effluent 
discharges into the River Ouse catchment from WWTW (Figure 2.2). The largest of these 
is from the Scaynes Hill WWTW, which contributes about 30% of the discharges to the 
river, and Uckfield WWTW (Environment Agency, 2005). These are two of the largest 
works in Sussex. There are fourteen sewage works in the upper Ouse catchment, three 
others on the River Uck and a number of small works on the Bevern and Longford streams. 
The main discharges of the tidal Ouse are from Lewes WWTW and Newhaven WWTW.  
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2.2 Field studies  
 
The River Ouse catchment was considered an ideal location for testing the novel 
approaches to faecal pollution prediction to be developed in this study because of the wide 
variation in land use and faecal inputs, and its close proximity to the University‟s 
laboratory facilities.  
 
2.2.1 Selection and location of sampling sites 
 
The River Ouse catchment area was subject to a detailed ground truthing to reveal spatial 
information about the potential origins of microbial loads in the watercourses. Based on the 
ground truthing, a total of fourteen sampling sites (Figure 2.2) were chosen to reflect 
different anthropogenic activities in the catchment that may affect the microbial quality of 
water down-stream in the river, and their accessibility for routine sampling. Amongst these 
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selected sampling sites were sites being monitored by the Environment Agency, SOCS, 
and University of Brighton Environment & Public Health Research Unit (EPHRU).  Of the 
fourteen sampling sites (Table 2.1), five were located on the River Ouse (Barcombe Mills, 
Goldbridge, Lindfield, Scaynes Hill, and Sheffield Park), four on the Bevern stream 
(Clapper‟s Bridge, Spatham Lane, Streat Lane, and Swansyard Farm), one on Plumpton 
mill stream (Plumpton), one on Longford stream (Longford), one on the Ditchling spring 
(Ditchling), one on river Uck (Isfield), and one at Plumpton College (Wales Farm).  
 
Table 2.1 Location information of the sampling sites 
Sampling site Reason for choosing site  Grid reference 
Barcombe Mills Just above the tidal limit, lowest (most) downstream 
sampling and therefore impacted by all the other 
sampling sites, easy access, and a gauging station. 
TQ428214 
Clapper‟s Bridge Receives inputs from human and non-human sources, 
easy access, gauging station, on the Bevern stream, and 
monitored by Environment Agency and SOCS (data 
could be compared). 
TQ422161 
Ditchling A „clean‟ chalk spring, easy access, receives little or no 
agricultural and human inputs, and upstream of 
Ditchling WWTW. 
TQ332148 
Goldbridge On the Ouse, easy access, important in longitudinal 
variation assessment, and a gauging station. 
TQ428214 
Isfield Runoff from the upper catchment of the River Uck is 
often rapid, easy access, stream flows through an urban 
area (Uckfield), and a gauging station. 
TQ448181 
Lindfield Upstream of Scaynes Hill WWTW, thus, important in 
longitudinal variation assessment, located on the River 
Ouse, and easy access. 
TQ365254 
Longford Easy access, receives both human and non-human 
inputs (especially agricultural). 
TQ431181 
Plumpton Easy access, receives organic input from Plumpton 
Mill 
TQ364151 
Scaynes Hill Downstream of Scaynes WWTW (the largest which 
discharges to the River Ouse) outfall, assess the impact 
of effluent on water quality downstream, easy access, 
and longitudinal variation assessment. 
TQ385244 
Sheffield Park Located near the Bluebell steam train station, hence, 
may receive both human and non-human inputs. 
TQ405236 
Spatham Lane Downstream of Ditchling WWTW, thus, likely to 
receives human input, and on the Bevern stream. 
TQ338158 
Streat Lane About 1.6 km downstream of Ditchling WWTW, likely 
to receive agricultural and human inputs. 
TQ351165 
Swansyard Farm Located near a large cattle, and therefore likely to 
receive predominantly non-human inputs 
TQ339166 
Wales Farm Located at Wales farm (Plumpton College), receives 
mainly agricultural and animal (cattle and pigs) inputs 
TQ355137 
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2.2.2 Sampling strategy  
 
Within the resource constraints of a Ph.D. study, the sampling regime was designed to give 
an overall picture of faecal pollution dynamics within the non-tidal (Upper and Middle 
Ouse) reaches of the River Ouse catchment plus a more detailed picture of faecal pollution 
dynamics within the Bevern stream tributary. 
 
Grab samples of river water were collected from the fourteen discrete (Wilkes et al., 2009)  
sampling sites on the River Ouse and tributaries of varying sizes and length within the 
Ouse catchment approximately every two weeks for 12 months. The sampling strategy was 
designed to cover sixteen determinands. According to the WHO (2006), the most accurate 
and reliable way of determining pathogen loads and levels in a catchment is by analysing 
water quality over a period of time. During such a period, seasonal variation and peak 
events such as storms should be captured (Schoonover and Lockaby, 2006). The streams 
are small; therefore grab water samples were considered representative. Fortnightly 
sampling was decided upon because it was the most logistically viable and was achievable 
within the confines of the financial, material, and human resources available for the 
research. Also fourteen sampling sites could provide enough information for multivariate 
statistical analyses, and for meaningful statistical conclusions to be drawn from the data. 
Therefore, the fortnightly sampling and the fourteen sampling sites were what was 
realistically achievable. 
 
2.2.3 Sample collection, preservation, and processing 
 
Procedures used to obtain water samples can significantly affect the accuracy of the water 
quality data. Sample containers used were 1000 ml transparent Nalgene polyethylene 
bottles (manufactured by Sterilin®) provided with hermetic-locking caps. Prior to use, the 
1000ml Nalgene polyethylene bottles were thoroughly washed with deionised water and 
sterilised by autoclaving at 121°C for 15 minutes. At each sampling site, the bottle was 
rinsed once with stream water from the sampling site before the sample was collected. 
 
During water sample collection in the field, the cap of the bottle was carefully removed to 
prevent contamination of the inner surface. The bottle was filled just short of the brim to 
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leave some empty space that will allow adequate mixing en route to the laboratory prior to 
and during laboratory analysis. The cap was replaced immediately after filling the sample 
bottle, ensuring the inside of the cap was not contaminated (Environment Agency, 2000; 
Zamxaka et al., 2004; EU, 2006).  
 
Where possible, samples were taken at least one metre from the edge and approximately 30 
cm below the surface (Wilkinson et al., 1995; Vega et al., 1998; Environment Agency, 
2000; Ebdon et al., 2007) of the river, without disturbing bed sediments, and avoiding 
floating material (Jha et al., 2007). Where it was not possible to collect a water sample by 
holding and dipping the bottle by hand, sampling bottles were clamped to an extendable 
sampling pole. At all times, great care was taken to collect samples in a uniform and non-
intrusive way, so as not to alter water samples by disruption of sediments (Kleinheinz et 
al., 2006). The samples were clearly labelled in indelible ink on the sample bottle. Samples 
were immediately placed in a cool box (circa 4°C) to protect them from exposure to direct 
sunlight and thermal stress. It took about four hours to collect the fourteen samples each 
sampling day. Samples were then transported to the laboratory and the microbiological 
parameters analysed, this being accomplished within six hours as suggested by Anon 
(2003) and Vega et al. (1998).  
 
2.2.4 Laboratory procedures 
 
In the laboratory, water samples were analysed in the sequence they were collected in the 
field. Samples were shaken vigorously to mix the sample prior to analysis (Donohue and 
Irvine, 2008). Samples collected from 1st October 2007 to 10th December 2007 were 
analysed on the day of collection for all parameters with the exception of bacteriophages, 
which were cryoprotected with 10% glycerol and analysed between 15th and 31st December 
2007. From January 2008, samples were analysed within six hours of sample collection for 
the microbiological parameters and within 12 hours for the chemo-physical parameters. 
Dissolved oxygen and temperature were measured on site. A 100ml sub-sample of each 
water sample collected from 1st October 2007 to  September 2008 was cryoprotected with 
10% glycerol, dispensed into 125ml plastic bottles and stored at -20 (±5)°C for future 
analyses and for future reference (if necessary). Results from research by Mendez et al. 
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(2002) showed that by using this procedure it was possible to preserve naturally occurring 
phages with 10% glycerol at -20 and -70°C for up to one year. 
 
The water samples collected were tested for thermotolerant coliforms (TTC), presumptive 
intestinal enterococci (ENT), spores of Clostridium perfringens (CP), heterotrophic plate 
count bacteria (HPCB), the presence of phages of Bacteroides strain (GB-124), and 
somatic coliphages (SC). In addition to the microbiological parameters, all water samples 
were also analysed for ammoniacal-nitrogen, nitrate-nitrogen, and orthophosphate, 
dissolved oxygen, conductivity, pH, redox potential, suspended solids, temperature, and 
turbidity. 
 
2.2.5 Storm event monitoring programme 
 
To understand the microbial dynamics during a rainfall event, and to compare and contrast 
the results with those obtained during non-event periods, event samples were collected 
from 7th July to 14th July 2008 during and following an intense summer storm. The choice 
of this storm event was based on national and regional weather forecasts by the UK Met 
Office. For the purpose of this study, a storm event was defined as rainfall that generated 
runoff and/or increased stream discharge (Q). For the event sampling, samples were 
collected from four sampling sites, namely Clapper‟s Bridge, Spatham Lane, Spatham 
Drain (supplementary sampling site adjacent to Spatham Lane), and Wales Farm. The 
Spatham drain channels runoff from a farm to River Ouse at Spatham Lane. These 
sampling sites were chosen to investigate how the Bevern stream responded to a storm 
event with regards to the sources and levels of faecal inputs. Clapper‟s Bridge receives 
inputs mainly from farming activities whilst, Spatham Lane which is downstream of the 
Ditchling WWTW receives inputs from farming activities and final effluent from the 
WWTW and Wales Farm receives inputs primarily from agricultural sources.  
 
Since a programmable, automatic, Isco Avalanche Transportable Sampler (Teledyne Isco, 
a Teledyne Technologies Company) could not be deployed to the field because of security 
concerns; the one week intensive samplings were carried out manually at sampling 
intervals of twelve hours (morning and evening). Morning and evening water samples were 
collected between 8:00 and 9:30 am, and between 8:00 and 9:30 pm respectively each day. 
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Water samples collected in the morning were analysed within six hours of collection and 
those collected in the evening were stored at 4ºC and analysed within twelve hours of 
collection. Sub-samples for phage enumeration were frozen and stored as detailed above. 
 
2.3 Detection and enumeration of bacteria 
 
2.3.1 Detection and enumeration of thermotolerant coliforms and intestinal 
enterococci 
 
On the first sampling occasion (01/10/07), filtration (enumeration) was done in triplicate 
using 0.1ml, 1 ml, and 10ml of water sample. This was intended to demonstrate how much 
of the sample should be filtered in order to obtain readable bacterial counts (20 to 200 
cfu/100 ml). Colonies could be accurately enumerated using both 0.1ml and 1ml, only for 
two sites (Swansyard Farm and Wales Farm) where 1ml of sample produced colonies too 
numerous to count (TNTC). In all cases, 10 ml produced colonies too numerous to count. 
For all 14 samples, counts for 0.1ml and 1ml closely matched. Therefore, in subsequent 
analyses, 1ml of sample was used, except for Swansyard Farm and Wales Farm where 
0.1ml of sample was used.  
 
Thermotolerant coliforms and presumptive intestinal enterococci (ENT) levels were 
detected and enumerated using standard UK and American methods based on membrane 
filtration (APHA, 1998; Anon, 2000a; 2000b; Anon, 2001a). Thermotolerant coliforms and 
presumptive ENT were analysed in duplicate to increase precision. Enumeration was 
expressed as colony-forming units (cfu)/100 ml. Log10 (X + 1)-transformed counts were 
used to characterise water quality at each sampling site under non-storm event- and storm 
event-flow conditions (Crowther et al., 2001; 2003; USEPA, 2005). 
 
To increase the accuracy of colony enumeration, identifying and counting of colony-
forming units (cfu/100 ml) was carried out whenever possible by two competent persons. 
The final count was the average of the duplicate. Where sample counts were less than the 
detection limits (especially during low-flow conditions), for purposes of statistical analyses 
a value of 1 was assumed for all bacterial and viral counts (Vinten et al., 2008). 
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Thermotolerant coliforms and presumptive intestinal enterococci analyses made use of m-
FC agar (Difco, BDMS, UK) and m-Enterococcus agar (Difco, BDMS, UK) respectively.  
The m-FC agar and m-Enterococcus agar plates were incubated for 18 - 24 h at 44.5 (± 
0.5)°C and at 37 (± 0.5)ºC for 44 - 48 h respectively. Each sample was pipetted and filtered 
onto Whatman GF/C pre-wetted 0.45µm pore sterile nitro-cellular gridded membranes 
(Fisher, UK). All bacterial counts were expressed as colony-forming units (cfu) per 100 ml 
of sample.  
 
2.3.2 Detection and enumeration of spores of Clostridium perfringens  
 
Spores of Clostridium perfringens (C. perfringens) were detected and enumerated using 
Sulfite Polymyxin Sulfadiazine (SPS) Agar (Difco™, UK) and Differential Reinforced 
Clostridial (DRC) Agar, DRCA (Difco™, UK). These agars were prepared from 
dehydrated products according to the directions for preparation from the manufacturers. 
Ten ml of each water sample was dispensed in 12 ml tubes and placed in a shaking water 
bath (Grant OLS 200 Shaking Bath) at a temperature of 78 - 80°C. Another 12 ml tube was 
filled with deionised water, and a thermometer with a range of -10°C to 110°C was 
inserted. The samples and the deionised water were heat-shocked to 78 - 80C for ten 
minutes to kill off vegetative cells and as a means of enhancing the selectivity of the agar 
(Juneja et al, 2003; Araujo et al., 2004). One ml of each heat-shocked water sample was 
inoculated into DRC Agar or SPS Agar (cooled to 50-55˚C) in sterile Petri dishes using the 
pour plate technique. The inoculum (1 ml heat-shocked water sample) and agar were 
gently but thoroughly mixed, and allowed to solidify on a flat surface. The Petri dishes and 
agar were incubated anaerobically (Anaerogen™ sachets were used to generate anaerobic 
conditions in anaerobic jars) at 37ºC for 24 - 48 hours. Clostridium perfringens grew as 
black colonies under optimal growth conditions. Clostridium perfringens usually produce 
black colonies as a result of the reduction of sulphite to sulphide, which reacts with the 
iron (III) salt (Anon, 2004).  
 
2.3.3 Detection and enumeration of heterotrophic bacteria 
 
Enumeration of colony counts at 22°C is still prescribed by the EU Drinking Water 
Directive (DWD) 98/83/EC of 3 November 1998. In many countries, heterotrophic plate 
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count (HPC) measurements are used to assess the efficacy and proper functioning of water 
treatment and supply/distribution processes, thus as an indirect indication of pathogen 
removal (Bartram et al., 2003). Colonies can be enumerated either at 22°C (room 
temperature) for 68 (± 4) hours or at 37°C for 44 (± 4) hours (Environment Agency, 2002). 
The colony count of heterotrophic bacteria was enumerated by the spread plate technique 
(APHA, 1998; Environment Agency, 2002) using Plate Count Agar. One-fifth (0.2) ml of 
10-fold dilution of water sample was spread onto the surface of pre-dried plate count agar 
in Petri dishes. The sample was distributed over the surface of the agar using a sterile 
(sterilised by dipping in alcohol and drying using a flame from a Bunsen burner) spreader, 
by rotating the dish whilst holding the spreader steady. Incubation was at room 
temperature; Petri dishes were inverted and left on a table in the laboratory for at least 72 
hours depending on the growth rate of bacterial colonies. The number of the colonies was 
then counted. Colony counts were expressed in cfu/100 ml. 
 
2.4 Detection and enumeration of bacteriophages 
 
Detection and enumeration of both somatic coliphages and phage infecting Bacteroides 
strain (GB-124) was conducted by the double-agar layer technique as described by Jofre et 
al. (1986) and Tartera et al. (1992).   
 
2.4.1 Detection and enumeration of phages of Bacteroides (GB-124) 
 
Tubes containing 2.5 ml of Bacteroides Recovery Medium Broth (BPRMB) (Oxoid, UK) 
semi-solid agar kept in a water bath at 45°C were inoculated with 1 ml Bacteroides strain 
(GB-124) and 1 ml of filter (membrane filters, pore size, 0.22 µm) sterilised sample to be 
analysed. This mixture was stirred to mix the contents and poured onto previously prepared 
agar bases (Bacteroides Recovery Medium Agar (BPRMA)) in 90 mm-diameter Petri 
dishes. The overlays were inverted and incubated overnight at 37°C (Muniani-Mujika et 
al., 2000; 2003; Anon, 2001b). BPRMA plates were incubated in anaerobic jars, using 
Anaerogen™ sachets to generate anaerobic conditions in the jars. Although antibiotics are 
present in the assay medium, it is advisable to decontaminate the sample from 
contaminating bacterial flora (Tartera et al., 1992). This is why the water samples were 
filtered through the 0.22 µm filter. BPRMB was chosen over the more traditional Modified 
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Brucella Broth because a study by Tartera et al. (1992) concluded that the use of BPRMB 
permits the recovery of a significantly (P < 0.01) higher number of phages than the use of 
Modified Brucella Broth (MBB) does. Bacteroides strain (GB-124) grown in Bacteroides 
Phage Recovery Medium broth (BPRMB) was used as host strain for the quantification of 
phages capable of infecting of Bacteroides.  
 
Bacteriophages infecting Bacteroides (GB-124) were enumerated in accordance with ISO 
standardised methods (Anon, 2001). Plaque-forming units (PFU) of bacteriophages 
infecting Bacteroides (GB-124) were determined by the double-agar layer method 
according to ISO standard 10705-4 using GB-124 as the host strain for the phages of 
Bacteroides (Jofre et al., 1986; Lucena et al., 1996; Anon, 2001; Payan et al., 2005; Ebdon 
et al., 2007).  
 
Screw-topped Hungate glass tubes (Hach, UK) containing Bacteroides Phage Recovery 
Medium (BPRM) broth were used to grow strain GB-124 (12 ml broth + 1 ml host strain) 
to an optical density of approximately 0.33 at 620 nm, that is considered to be the optimum 
density for phage detection. The absorbance of the growing host strain, being incubated at 
37°C, was checked every 30 minutes using a spectrophometer (wavelength, 620 nm) until 
it reached an optical density of 0.33. This density was reached within approximately 2.5 
hours in accordance with previous studies (Ebdon et al., 2007). Once the optimum optical 
density was reached, the tube containing strain GB-124 was immediately placed on ice and 
used within 3 hours. 
 
To each sterile 10 ml disposable test tube containing 2.5 ml of semi-solid BPRM agar 
(ssBPRMA), 1 ml of filtered sample and 1 ml of host GB-124 were added and gently 
mixed, using a vortexer (Fisher). The contents of each test tube were then poured onto the 
surface of the BPRM agar (BPRMA) in 90 mm Petri dishes pre-warmed to room 
temperature and left to set. The plates were inverted and placed in anaerobic jars 
containing anaerobic sachets (Anaerogen™, Oxoid, UK) and incubated at 37°C for 24 
hours. The presence of phages resulted in the production of visible plaques. All samples 
were analysed in duplicate and expressed as the mean number of Plaque-Forming Units 
(PFU) per 100 ml of sample. 
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2.4.2 Detection and enumeration of somatic coliphages 
 
Tubes containing 2.5 ml of Modified Scholten‟s Broth (MSB) (Oxoid, UK) semi-solid agar 
kept in a water bath at 45°C were inoculated with 1 ml of Escherichia coli strain WG-5 
and 1 ml of filtered (membrane filters, pore size, 0.22 µm) sample to be analysed. This 
mixture was stirred to mix the contents and poured onto previously prepared agar bases 
(Modified Scholten‟s Agar (MSA)) in 90 mm-diameter Petri dishes. The overlays were 
inverted and incubated overnight at 37°C (Muniani-Mujika et al., 2000; 2003; Anon, 
2000c). The host strain for the quantification of somatic coliphages was a strain of 
Escherichia coli (WG-5) grown in Modified Scholten‟s Broth (MSB), which is resistant to 
nalidixic acid. The nalidixic acid helps control overgrowth by background bacteria present 
in concentrated samples. 
 
Somatic coliphages were detected and enumerated in accordance with ISO standardised 
methods (Anon, 2000c) using Escherichia coli strain WG-5 as the host strain according to 
ISO standard 10705-2, and PFU of somatic coliphages were counted by the double-agar-
layer technique (Jofre et al., 1986; Lucena et al., 1996; Anon, 2000c; Ebdon et al., 2007). 
The presence of phages resulted in the production of clearly visible, often round zones of 
lysis (plaques). All samples were analysed in duplicate and expressed as the mean number 
of PFU per 100 ml of sample. 
 
In brief, 50 ml of Modified Scholten‟s Broth (MSB) were inoculated with 0.5 ml of WG-5 
in a 50 ml screw-topped Schott bottle. The inoculum was incubated at 37°C in a shaking 
water bath (100 RPM) to grow the host strain to an optical density of approximately 0.33 at 
600 nm that is considered to be the optimum density for somatic coliphage detection. The 
absorbance of the growing host strain was checked every 30 minutes using a 
spectrophometer until it reached an optical density of 0.33. This density is normally 
reached within approximately 3.5 hours in accordance with previous studies (Ebdon et al., 
2007). Once the optimum optical density was reached, the 50 ml screw-topped bottle 
containing host strain WG-5 was immediately taken out of the incubator and quickly 
cooled by placing it on ice and used within 3 hours. 
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Fifty ml semi-solid Modified Scholten‟s Agar (ssMSA) in a 50 ml screw-topped Schott 
bottle were then melted in a microwave and, kept in a water bath at 50°C to prevent it from 
setting. Working next to a flame, to provide a sterile environment, 0.3 ml (300µl) of 
calcium chloride (CaCl2) solution was added to improve plaque visualisation and 2.5 ml 
portions of the solution (aliquots) were distributed into 12 ml disposable test tubes, and 
placed in a water bath at 50°C to prevent the agar mixture from setting.  
 
To each test tube (containing ssMSA + calcium chloride solution), was added 1 ml of 
filtered sample, and 1 ml of inoculum culture (WG-5). The mixture was carefully mixed 
using a vortexer (Fisher), avoiding the formation of air bubbles, and the contents was 
poured on a layer of complete MSA in 90 mm Petri dishes, pre-warmed at room 
temperature or warmed in an incubator. The mixture was distributed evenly and allowed to 
solidify on a horizontal, cool surface. The plates were then covered and incubated upside-
down at 37°C for 18 ± 2 hours. Plaques were visible on each plate within 4 hours of 
incubation.  
 
All samples were filtered using 0.22 µm polyvinylidene difluoride (PVDF) membrane 
syringe filters (Millipore, US) to remove any background bacterial contamination before 
phage detection (Ebdon et al., 2007). According to Tartera et al. (1992), PVDF membrane 
filters give significantly higher phage counts and they highly recommended the use of 
these filters in phage work. 
 
2.5 Determination of chemo-physical parameters 
 
Water chemistry data were collected for a total of fourteen sites. All the water samples 
collected during the 12 month study and the seven day storm event study were analysed for 
a suite of chemo-physical parameters namely, conductivity, suspended solids, temperature, 
turbidity, ammoniacal-nitrogen, nitrate-nitrogen, orthophosphates, dissolved oxygen, pH, 
and redox potential. Mean values of each determinand from each sampling site recorded 
over the sampling period were analysed in this study. Quantification of all chemical 
parameters was done following standard methods (APHA, 1998). Dissolved oxygen and 
temperature were measured on site to maximise the accuracy of readings. 
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2.5.1 Turbidity 
 
Turbidity is the optical property of a water sample that causes light to be scattered and 
absorbed rather than transmitted in straight lines through the sample. Put simply, it refers 
to the degree of cloudiness of the water sample. Turbidity in water arises from the presence 
of very finely divided solids, which are not filterable by routine methods (EPA, 2001). 
Turbidity is an indicator of high suspended solids, which may transport a variety of 
biological agents including bacteria and viruses (Wong et al., 2009). 
 
Turbidity for each water sample collected was measured in the laboratory using a 
calibrated portable turbidimeter (Model 2100P, Hach Company). The turbidimeter 
measures turbidity from 0.01 to1000 Nephelometric Turbidity Units (NTU) in automatic 
range mode. This instrument met the design criteria specified by the United States 
Environmental Protection Agency (USEPA), Method, 180.1. (Hach Company, 2001). 
 
2.5.2 Nutrients  
 
Agricultural lands contribute to nitrogen and phosphorus loadings from fertilizers, 
detergents in wastewater, and livestock operations. Large inputs of nitrogen and 
phosphorus compounds into surface waters can cause toxic algal blooms, which in turn 
deplete dissolved oxygen levels in surface waters. The resulting oxygen depletion can 
stress aquatic organisms. Large nutrient concentrations in drinking water may interfere 
with growth and reproduction of aquatic organisms (Christensen et al., 2002; Ouyang et 
al., 2006). 
 
Chemical analyses, namely ammoniacal-nitrogen (NH3-N), nitrate-nitrogen (NO3-N), and 
orthophosphate (PO4-P), were performed in the laboratory using a portable 
spectrophotometer (DR/2400 Portable Spectrophotometer, HACH Company, USA). 
Ammoniacal-nitrogen was measured following the Salicylate Method (this method is 
appropriate for water, wastewater, and seawater) (Hach, 2002). Orthophosphate was 
measured using the PhosVer 3 (Ascorbic Acid) method whose scope and application 
covers water, wastewater, and seawater. The procedure was adapted from Standard 
Methods for the Examination of Water and Wastewater (APHA, 1998). This procedure is 
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equivalent to USEPA method 365.2 and Standard Method 4500-P-E for wastewater (Hach, 
2002). For nitrate analysis, the cadmium reduction method was used. This method pertains 
to the determination of nitrite and nitrate in surface and saline waters (APHA, 1998). 
 
2.5.3 Suspended solids 
 
Suspended solids are matter that is kept in suspension by the turbulence of flowing water. 
Matter that is suspended in quiescent water (like a water sample) consists of finely divided 
light solids which may never settle or do so only very slowly (EPA, 2001).  
 
Suspended solids were determined by the filtration method, ISO 872 (Anon, 2005). Using 
a vacuum filtration apparatus, 100 mL of water sample was filtered through a dry 47 mm 
diameter glass microfibre filter, GF/C (Whatman International Ltd, England). Where a 
sample was too turbid for a 100 mL to be filtered, the volume filtered depended on 
reasonable judgement.  The filters were dried in an oven at 100ºC for one hour or at 44 ºC 
overnight. The filters were weighed before and after filtration/drying using a calibrated 
electronic balance (model HR 300i, with a range of 0.01g to 320g) and the amount of 
suspended solids determined per unit volume of.  
 
2.5.4 Conductivity, redox potential, and pH 
 
The conductivity of water is a measure of its ability to conduct an electric current and is 
directly related to the total ionic content of the water. The pH is the acidity of a given 
water determined by the minus log to the base 10 concentration of hydrogen ions (H+ ions) 
present (Hemond and Fechner-Levy, 2000) using a scale that ranges from 0 to 14. 
 
Conductivity, pH, and redox potential were measured using a calibrated HANNA Water 
Test (HANNA instruments, 1996), a “four-in-one” portable meter designed for fast and 
accurate analysis and monitoring in biological applications, industrial wastewater and 
rivers. The instrument has a complete pH range from 0 to 14, a redox potential range from 
-1000 to +1000 mV, a conductivity range from 0 to 2000 µS/cm, and a temperature range 
from 0 to 60°C.  
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2.5.5 Dissolved oxygen (DO) and temperature 
 
DO is the dissolved gaseous form of oxygen which enters water by diffusion from the 
atmosphere and as a by-product of photosynthesis by algae and plants (EPA, 2001). 
Because biological activity (including aerobic respiration, which results in oxygen 
depletion) continues in water samples during storage and transport, dissolved oxygen 
levels were measured on site immediately after collecting the water sample. River water 
temperature increases from winter through spring and reaches a maximum during summer. 
Changes in temperature have implications for the biological activity and growth of aquatic 
organisms, and key constituents of an aquatic environment, for example, the ionisation of 
ammonia and concentration of dissolved oxygen (EPA, 2001). Temperature and dissolved 
oxygen were measured on site with a calibrated Hach multiparametric probe (Sension 156 
Portable Multiparameter Meter, Version 0.1, edition 05.00bbr, HACH). 
 
2.6 Statistical analyses used in the study 
 
Statistical and multivariate statistical analyses were adopted in this study. They were used 
to examine the general association of chemo-physical parameters, environmental 
parameters and faecal indicators and water quality. All the parameters were standardised 
before the various multivariate statistical analyses. Statistical and multivariate statistical 
analyses techniques were applied to the data because: 
 Statistical analysis enables proper interpretation of time- and location-dependent 
data in characterising a water system (Lomniczi et al., 2007) 
 Univariate statistical analysis could cause misunderstanding and error both in the 
interpretation and conclusions (Helena et al., 2000). 
Since most of the data were found to fail the assumption of normality for parametric 
statistical analyses (Chang et al., 2004), non-parametric methods were applied to the data. 
The multivariate techniques (data reduction techniques that are good for achieving 
satisfactory results when dealing with a large dataset) used was Cluster Analysis (CA) and 
Principal Component Analysis (PCA). Multiple regression analysis was used to find out 
which chemo-physical and environmental parameters were important in predicting 
thermotolerant coliforms and intestinal enterococci levels during event and non-event 
periods. 
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All parameters, which did not have a normal distribution were log10 transformed after 
adding 1 (X+1) (Sartory et al., 2008) to the original value. Though transformations are not 
universally recommended, they have in some cases improved analyses (Tabachnick and 
Fidell, 1996; 2007) and reduced the influence of outliers. According to Tabachnick and 
Fidell (1996, 2007), transformation of parameters should be considered in all situations 
unless interpretation is not feasible with the transformed scores or there is some other 
reason not to. According to these authors, in almost every dataset where they used 
transformations, the results of analysis were greatly improved in terms of interpretability.  
However, following the log10 transformations in this study, most of the determined 
parameters were still not normally distributed. Statistical significance was assessed at 95% 
confidence level. 
 
2.6.1 Non-parametric statistical analysis 
 
Helsel (1987) strongly supported and encouraged the use of non-parametric procedures for 
water quality data. He argued that since water quality data are typically non-normally 
distributed, when parametric methods are applied, the results may be erroneous. Also, the 
majority of parametric tests assume that the parameter is continuous. However, in water 
quality studies many parameters are reported in discrete intervals and most parameters also 
have a lower limit of zero. Some parameters also have a specified limit of detection 
determined by the analytical method (Dixon and Chiswell, 1996). Non-parametric tests, 
however, have been shown to have some advantages over their parametric counterparts 
when applied to water quality data. According to Helsel (1987), and Dixon and Chiswell 
(1996) these advantages include:  
 Normality and prior transformation are not required,  
 Cases where normality for all groups to be compared is not achievable can 
successfully be analysed,  
 Greater power is achieved in tests on skewed distributions common to water quality 
data, and 
 Comparisons are made between central values such as the median, rather than the 
mean.  
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Correlations and multiple regression: The Spearman‟s rank correlation coefficient (r) 
was used to determine the degree of association between, rainfall, microbial, and chemo-
physical water quality parameters (Tong and Chen, 2002) since most data failed to meet 
the assumptions for the parametric Pearson‟s correlation coefficient. Standard multiple 
regression (all the predictor parameters are entered into the equation simultaneously) 
analysis was employed to extract those parameters that could be used to predict 
thermotolerant coliforms and intestinal enterococci levels during both storm and non-storm 
events and statistical regression linear models were developed (SPSS, 1998; Pallant, 2005, 
2007). All the assumptions (sample size, multicollinearity and singularity, outliers, 
normality, linearity, homoscedasticity, and independence of residuals) of multiple 
regression were satisfied before the analysis. 
 
The strength of bivariate relationships was assessed using the coefficient of determination 
(r2), adjusted for degrees of freedom and expressed as a percentage; and normal probability 
of standard residuals were examined to confirm the validity of each regression model. 
Student t-tests were used to compare transformed indicator bacteria levels under storm 
event and non-storm event conditions (Crowther et al., 2003). Kruskall-Wallis test was 
employed to determine the spatial variations in microbial levels among the fourteen 
sampling sites. 
 
2.6.2 Multivariate (chemometric) statistical techniques 
 
The multivariate techniques used in this study were Cluster Analysis (CA) and Principal 
Component Analysis (PCA). Literature reveals that CA and PCA can be used in quality 
assessment of surface water and groundwater (Vega et al., 1998; Wunderlin et al., 2001; 
Reghunath et al., 2002; Simeonov et al., 2003; Ouyang et al., 2006). These techniques 
have been used widely in the analysis of water quality datasets to characterise and evaluate 
catchment surface water quality, and to verify spatial and temporal variations caused by 
natural and anthropogenic factors (Helena et al., 2000; Bengraine and Marhaba, 2003; 
Singh et al., 2004; Otero et al., 2005) and assessment of environmental quality indicators 
(Shine et al., 1995; Yu et al., 1998; Perkins and Underwood, 2000; Tauler et al., 2000; 
Gangopadhyay et al., 2001; Voutsa et al., 2001; Ouyang, 2005).  
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Multivariate statistical analyses enable one to extract information about the similarities (or 
differences) between sampling sites and/or river systems, the latent factors underlying the 
dataset, the influence of possible sources of contamination on the chemo-physical 
parameters and, apportioning the contribution of possible sources to the levels of 
determined parameters (Simeonov et al., 2003). These techniques offer a better insight of 
water quality and ecological status of the studied systems, aid the identification of the 
possible factors/sources that influence the water systems, and offer a valuable tool for 
reliable management of water resources as well as rapid solutions to pollution problems 
(Wunderlin et al., 2001; Reghunath et al., 2002). 
 
Principal component analysis (PCA): PCA attempts to explain most of the variances of a 
large dataset of intercorrelated parameters with a smaller set of important independent 
components, Principal Components (PC) (Praus, 2005), which contain most of the 
information in the original dataset (Tabachnick and Fidell, 1996; Helena et al., 2000; 
Ouyang, 2005; Tabachnick and Fidell, 2007). Unlike the statistical parametric tests (t-tests 
or f-tests) that require the normal distribution of variables, no such assumption is necessary 
for PCA. PCA achieves dimensionality reduction (ridding the data of redundant 
information) without losing much information. The PCA method is widely applied because 
it is unbiased and can indicate associations between samples and/or parameters (Praus, 
2005), which are based on similar variations in chemical, physical, bacteriological, and 
virological constituents. 
 
The largest or first PC extracts the largest variation from the original parameters and passes 
through the centre of the data. The second largest PC lies in the direction of the next largest 
variation, passes through the centre of the data and is orthogonal to the first PC, and so 
forth (Praus, 2005; Sarbu and Pop, 2005). The amounts of variance extracted by the PC are 
called eigenvalues. The decision as to how many PC to retain can be approached in either 
of two ways: the Kaiser criterion (Kaiser, 1974) or the Scree test by Cattell (Cattell, 1966). 
The Kaiser criterion holds that a PC should extract at least as much as the equivalent of 
one original parameter, hence we retain only PC with eigenvalues greater than 1. Cattell 
suggested finding the place on a simple eigenvalues plot where the smooth decrease of 
eigenvalues appears to level off to the right of the plot, i.e. where there appears to be an 
“elbow.‟‟ 
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There are three stages in PCA analysis including generation of a correlation matrix for all 
the parameters, PCs extraction from the correlation matrix based on the correlation 
coefficients of the parameters, and factors rotation to maximise the relationship between 
some of the factors and parameters (Boyacioglu, 2006). The correlation matrix generated is 
used to account for the degree of commonly shared variability between individual pairs of 
parameters. Next, eigenvalues and component loadings for the correlation matrix are 
determined. Eigenvalues correspond to an eigenfactor that identifies the groups of 
parameters that are highly correlated among them. Only the first few components are 
needed to account for much of the variability. Once the correlation matrix and eigenvalues 
are obtained, component loadings are used to measure the correlation between the 
parameters and components. Factor (component) rotation makes the components more 
interpretable by providing a simpler component structure. 
 
Cluster analysis (CA): CA allows the grouping of river water samples and sampling sites 
on the basis of their similarities in chemo-physical, environmental, and microbial 
composition, using all the information contained in the original dataset (Vega et al., 1998). 
Cluster analysis (Q-mode, similarity between objects) is not a statistical technique, but an 
exploratory data tool, which is appropriate in discovering complex relationships among 
many parameters and the interrelationships among the samples under consideration 
(Reghunath et al., 2002; Lambrakis et al., 2004) without explaining why they exist. 
However, the results obtained aid in interpreting the data and indicating patterns. The CA 
method is widely used because it is unbiased and can indicate associations between 
samples and/or parameters that are based on similar magnitudes in chemical, physical, 
bacteriological, and virological constituents.  
 
The main aim of CA is to combine observations (phenomena being studied) into groups, a 
convenient method for organising a large multivariate dataset into smaller number of 
homogeneous groups with respect to certain characteristics (correlation structure), 
therefore, providing an economical way of describing the patterns of similarities and 
dissimilarities in the dataset. The resulting clusters of objects exhibit high within-cluster 
homogeneity and high between-cluster heterogeneity (Wunderlin et al., 2001; Shrestha and 
Kazama, 2007). Classification may help in the area of prediction (Zeng and Rasmussen, 
2005).  
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In this study, hierarchical agglomerative clustering by the Ward‟s method was used for 
sampling site classification because it possesses a small space distorting effect, uses more 
information on cluster contents than other methods, and has been proven to be a very 
powerful grouping mechanism (Vega et al., 1998). The Ward‟s method uses an analysis of 
variance (ANOVA) approach to evaluate the distances between clusters in an attempt to 
minimize the sum of squares (ss) of any two clusters that can be formed at each step 
(Shrestha and Kazama, 2007). Hierarchical agglomerative clustering is typically illustrated 
by a tree diagram termed a dendrogram (McKenna, 2003), which provides a visual 
summary of the clustering process, presenting a picture of the groups and their proximity.  
 
Statistical computer packages: Minitab 15.0 for Windows and Statistical Package for the 
Social Sciences (SPSS) 15.0 for Windows were used for the various statistical analyses. 
 
2.7 Some good practices employed during this study 
 
The following sound procedures and good practices were followed during this study: 
 all water samples should be transported to the laboratory in a cooler maintained at 
circa 4ºC or on ice blocks 
 all water samples should be collected, if possible, very early in the morning to 
avoid sunlight especially in summer (or stored out of direct sunlight) 
 it is more cost-effective to store samples and analyse them in batches, storage of 
samples has financial benefits in terms of economies of scale 
 all media (agar, ¼ strength ringer solution etc), and bottles should be prepared prior 
to the analysis 
 availability of consumables should always be checked and orders placed before 
they run out 
 equipment should be checked to ensure that they are in good working condition, 
instruments should be calibrated at regular intervals, and if possible, the same 
equipment for each parameter should be used throughout the study 
 sub-samples for storage should be made as soon as the samples reach the laboratory 
 temperature and dissolved oxygen measurements should be undertaken in the field, 
and 
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 if nutrients are to be determined between 12 and 24 h, then sub-samples for 
nutrients should be refrigerated at circa 4ºC in glass bottles. 
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CHAPTER 3 - DEVELOPMENT OF METHODS  
 
3.1 Rationale for method development 
 
The rationale for method development is the on-going need for reliable, consistent, 
verifiable methods. Standard methods, verified by others, are used where possible. 
However, novel research requires new approaches or modifications of existing approaches 
and these have to be validated first before application. 
 
A six-week pilot study was carried out to assess faecal pollution levels in the River Ouse 
catchment. The main objective was to validate the various data collection methods, and to 
ensure the accuracy of the monitoring equipment. Simple statistical analyses were also 
carried out, along with tests to determine the effect of storage conditions (-20°C and -
80°C) on the stability of microbial and chemo-physical parameters. In order to achieve 
this, a null and alternative hypothesis was put forward. 
 
Null hypothesis (H0): Storage temperature does not have a statistically significant effect 
on microbial counts and concentration of chemo-physical parameters. 
Alternative hypothesis (H1): Storage temperature does have a statistically significant 
effect on microbial counts and concentration of chemo-physical parameters. 
 
3.2 Sampling and analyses of water samples  
 
In order to determine the effect of storage conditions on microbial and chemo-physical 
parameters, one water sample was taken from each of the following sampling sites: 
Ditchling, Lindfield, Scaynes Hill, Sheffield Park, and Wales Farm. The samples were 
analysed on the day of collection (in accordance with the methods referred to in Chapter 
2), then two sub-samples of 100 ml of each sample were stored at -20°C and -80°C and 
analysed for microbial levels and nutrients after two weeks from the date of collection.  
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3.3 Laboratory microbial and chemo-physical analyses 
 
The stored samples, which were frozen in 100 ml polystyrene plastic containers, were 
recuperated by taking the samples out of the freezer the evening before the laboratory 
analyses. They were removed from the fridges and left to reach room temperature for 
between ten to twelve hours prior to analysis. The samples were then enumerated in 
accordance with the methods referred to in Chapter 2.  
 
3.4 Two-way analysis of variance (ANOVA) 
 
Two-way analysis of variance (ANOVA) was conducted on the pilot dataset in order to 
determine whether (as outlined in Chapter 2) the faecal indicator levels and chemo-
physical measurements obtained (for a particular sample) analysed within 4 hours (h) of 
collection, and after two weeks following storage at -20°C, and -80°C could be considered 
to be from the same sample, i.e., there was no statistically significant difference. Statistical 
analysis was conducted using SPSS (Statistical Package for the Social Sciences) 14.0 for 
Windows, a software package for statistical analysis. The test was used at the 95 percent 
confidence level. 
 
3.5 Results of pilot study into sample stability 
 
3.5.1 Microbial enumeration 
  
Enumeration results (see Appendix 1 for the entire dataset) for thermotolerant coliforms, 
total coliforms, and presumptive intestinal enterococci are shown in Figures 3.1- 3.3 
respectively, for samples stored at 4ºC and analysed within 4 h of sampling, and samples 
analysed following storage at -20°C, and at -80°C. 
 
Thermotolerant coliforms levels were generally higher by a factor of 10 for analyses 
undertaken within 4 h of sample collection. Following a two-way ANOVA, there was a 
significant difference (p value, 0.001) between counts obtained following analysis of each 
of the five samples within four hours of sample collection, following storage at -20ºC for 
two weeks, and counts obtained following storage at -80ºC for two weeks. However, there 
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was no significant statistical difference (p value, 0.91) between counts obtained following 
storage at -20ºC and -80ºC. The error bars of counts at -20ºC and -80ºC did overlap, but 
there was no overlap between 4ºC, -20ºC and -80ºC (Figure 3.1). 
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     Figure 3.1 The impact of storage temperature on viability of thermotolerant coliforms 
   
For total coliforms incubated at 37ºC, the difference between the counts for samples 
analysed within 4 hours following collection, and those analysed following storage at  
-20ºC and -80ºC was statistically significant (p values, 0.002 and 0.008 respectively). 
There was no significant statistical difference between the counts following storage at  
-20ºC and -80ºC, p value 0.772. The error bars of counts at -20ºC and -80ºC did overlap, 
but there was no overlap between 4ºC, -20ºC and -80ºC (Figure 3.2). 
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Figure 3.2 The impact of storage temperature on viability of total coliforms  
 
For presumptive intestinal enterococci, the difference between the counts was not 
significant (p value> 0.30 in all cases). However, the error bars showed that there was an 
overlap between 4ºC and -20ºC but not between 4ºC and -80ºC, and not between -20ºC and  
-80ºC (Figure 3.3). 
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      Figure 3.3 The impact of storage temperature on viability of presumptive    
                         intestinal enterococci  
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3.5.2 Nutrients  
 
Ammoniacal-nitrogen, nitrate-nitrogen, and orthophosphate were also measured within 
four hours of collecting the water samples, and also after two weeks following storage at 
both -20°C and -80°C. The results (see Appendix 2 for entire dataset) following the 
measurement of nutrients within 4 hours, and following storage at -20°C, and -80°C are 
presented in Figures 3.4-3.6 for NH3-N, NO3-N, and PO4-P, respectively below. When the 
ammoniacal-nitrogen, nitrate-nitrogen, and orthophosphate concentrations were subjected 
to ANOVA, the differences between the concentrations were not statistically significant 
(with p values of > 0.70, >0.15, and >0.70 respectively). 
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     Figure 3.4 The impact of storage temperature on concentration of  
  ammoniacal-nitrogen  
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     Figure 3.5 The impact of storage temperature on concentration of   
  nitrate-nitrogen  
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     Figure 3.6 The impact of storage temperature on concentration of       
  orthophosphate 
 
3.5.3 Other chemo-physical parameters  
 
The results (see Appendix 3 for entire dataset) for the other water parameters 
(conductivity, redox potential, and pH) measured within 4 h of sample collection, and of 
storage at -20°C, and -80°C are shown in Figures 3.7-3.9. The p values (> 0.17) show the 
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difference in conductivity measurements was not statistically significant (Figure 3.7). The 
ANOVA revealed that the difference in the redox potential levels was statistically 
significant (p values, < 0.002) (Figure 3.8). The difference between the pH of samples 
analysed within 4 h of collection and those analysed following storage at -80ºC was 
statistically significant (p value 0.04). However, the difference between the pH of samples 
analysed within 4 hours and following storage at -20ºC, and between -20ºC and -80ºC were 
not statistically significant (p values 0.17 and 0.62 respectively) (Figure 3.9). 
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     Figure 3.7 The impact of storage temperature on conductivity   
             
Temperature and dissolved oxygen were measured on site during sample collection. These 
two parameters were not measured following storage at -20 °C and -80 °C. Temperature 
and dissolved oxygen were not subjected to any statistical analyses as both parameters are 
known to be unstable with respect to time following sample collection and storage. 
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      Figure 3.8 The impact of storage temperature on redox potential  
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      Figure 3.9 The impact of storage temperature on pH 
 
3.6 Interpretation of pilot study results 
 
Significant losses in thermotolerant coliforms, presumptive intestinal enterococci, and total 
coliforms levels occurred in all the samples at -20°C and -80°C. The coliforms and 
presumptive intestinal enterococci declined linearly with decreasing temperature. These 
results may be due to the fact that thermotolerant coliforms, presumptive intestinal 
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enterococci, and total coliforms are subjected to greater stress (cell lysis) (Pope et al., 
2003) during reduced temperatures (McDaniels et al., 1985).  
 
The p value (0.001) for thermotolerant coliforms suggests that the counts obtained are 
statistically significantly different, the thermotolerant coliforms counts at 4ºC analysed 
within 4 hours of collection were higher than the counts following storage at -20ºC and  
-80ºC and analysed after two weeks. However, the p value (0.91) suggests that the counts 
obtained at -20 ºC were similar to those obtained at -80 ºC. These results are confirmed by 
the error bars, given that there was an overlap between -20ºC and -80ºC, but not between 
4ºC and -20ºC and -80ºC. 
 
The p values (0.002 and 0.008) suggest that the total coliforms counts obtained within 4 h 
following storage at 4ºC, and the counts after two weeks following storage at -20ºC, and  
-80 ºC were statistically significantly different, the counts obtained at 4ºC within 4 h were 
higher than those obtained at -20 ºC and -80 ºC after two weeks. Counts obtained 
following storage at -20 ºC and -80 ºC showed that the counts were similar (p value 0.77). 
Again, these results were confirmed by the error bars, given that there was an overlap 
between -20ºC and -80ºC, but not between 4ºC and -20ºC and -80ºC. 
 
For presumptive intestinal enterococci, the p value was >0.30 in all cases, therefore, 
indicating that the counts were not statistically significantly different, the bacterial counts 
obtained within 4 h at 4ºC were similar to those obtained after two weeks at -20 ºC and -80 
ºC. However, the error bars showed no overlap between -20ºC and -80ºC. Looking at the 
actual counts, one realises that there was a sharp decline at -80ºC. 
 
This differential effect on thermotolerant coliforms, total coliforms, and presumptive 
intestinal enterococci with regards to freezing has been reported by other investigators 
(Fanelli and Ayres, 1959; McDaniels et al., 1985; Pope et al., 2003); freezing kills more 
coliforms than intestinal enterococci. According to Weiser and Osterud (1945) and Sims et 
al. (2004) there are two factors which produce injury and death: one acts rapidly and is 
associated with freezing and thawing; the other is storage injury acting at higher freezing 
temperatures, and is caused by changes detrimental to cell metabolism (Turner and 
Brayton, 1939; Pope et al., 2003). Large ice crystals obtained by slow freezing at the 
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higher temperatures exert a more marked disruptive effect than small ice crystals formed at 
the lower temperatures (Haines, 1938). With increasing temperatures above -30ºC the 
counts sharply and progressively reduce; Turner and Brayton (1939) reported a drop in 
faecal coliforms from 1x106cfu/100 ml in fresh samples to 1x104cfu/100 ml in the frozen 
sample, but samples tested on succeeding days showed no further drop. Donsel et al. 
(1967) reported that in winter streptococci survived much longer than thermotolerant 
coliforms. 
 
The p values (> 0.70, >0.15, and >0.70) for ammoniacal-nitrogen, nitrate-nitrogen, and 
orthophosphate concentrations respectively in all cases, suggest that there was little or no 
decline in concentration. This might suggest that the concentration of nutrients may not be 
greatly affected by storage temperature. 
 
Since the p values for conductivity were less than 0.17 in all cases, this suggests that 
conductivity was not greatly affected by storage temperature. The p values of redox 
potential of less than 0.002 were an indication that changes occurred in redox potential 
concentration over time, and the changes may depend on storage temperature. The redox 
potential was higher following storage at -20ºC and -80ºC. For pH, a p value of 0.04 
highlights the fact that the samples analysed within 4 h following collection and those 
analysed following storage at -80ºC registered different pH. The p value for samples 
analysed within 4 h and those analysed following storage at -20ºC were similar, and pH 
concentrations between -20ºC and -80ºC were also similar. 
 
Within the limitations of laboratory procedures, and given that the apparatus were 
calibrated, the results that are presented above should be reasonable and reliable. 
Following the subjection of the results to statistical analysis (ANOVA), it was observed 
that the p values did not show in all the cases that the microbial counts and the chemo-
physical measurements were the same for 4ºC, -20ºC and -80ºC. By implication, this meant 
there was a disparity in counts or measurements obtained from the same samples, which 
were stored at 4ºC and analysed within 4 h of water sample collection, and following 
storage at -20 ºC and -80 ºC. Based on the results of this study, if samples are frozen, most 
commonly used methods will not generate thermotolerant coliforms, total coliforms, and 
presumptive intestinal enterococci data comparable to those generated at circa 4°C and 
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within reasonable time of sample collection. The outcome of the pilot study suggests that 
for the remainder of the study, water samples for thermotolerant coliforms, total coliforms, 
and presumptive intestinal enterococci analyses should be stored at circa 4°C, and water 
samples for nutrients and conductivity analyses could be stored at circa 4°C, or -20ºC or  
-80ºC. 
 
Although this was a pilot study, it has produced results that have helped to produce an 
experimental protocol that is scientifically sound, and that will enhance the achieving of 
the aim and objectives of this study within the time frame available for it. This pilot project 
also served to demonstrate that the sampling and monitoring equipment are reliable, and in 
good working condition, and that the various methodologies and approaches employed are 
capable of being used in the main study. The pilot study also served to demonstrate how 
ANOVA can be applied to facilitate interpretability of the generated sampling dataset. 
 
3.7 Differential Reinforced Clostridial agar and Sulfite Polymyxin Sulfadiazine agar 
 
In this experiment, two selective media were assessed for their ability to isolate 
Clostridium perfringens heat-shocked (thermally-treated) spores. The objectives of the 
study were to practice the pour plate technique, and to decide which of the two media 
available was better for isolating spores of Clostridium perfringens in river water samples 
from the study catchment.   
 
The European Directive on drinking water quality (EU, 1998) has added spores of 
Clostridium perfringens to the existing FIO in order to enhance the control of surface water 
quality used for human consumption. For isolating (culturing) Clostridium perfringens 
from drinking surface water, the Directive has adopted mCP as the reference method. 
However, commercial companies have produced and marketed several different culture 
media for the isolation and enumeration of Clostridium perfringens, and literature shows 
that many different types of media are used. In addition to this, several different methods 
have also been proposed for use with each specific medium. Studies reveal that some of 
these media and methods are more suitable for the detection and enumeration of 
Clostridium perfringens (de Jong et al., 2003; Araujo et al., 2004; Byrne et al., 2007) than 
mCP. Studies by de Jong et al. (2003), Araujo et al. (2004), and Byrne et al. (2007), using 
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different media including mCP, concluded that fluorogenic Tryptose Sulfite Cycloserine 
(TSC) agar, and Differential Clostridial Agar (DCA) respectively, were the most 
favourable for the enumeration of Clostridium perfringens. 
 
 De Jong et al. (2003) did not select Sulfite Polymyxin Sulfadiazine (SPS) agar as one of 
the media in their study. According to these authors, Clostridium perfringens have been 
shown frequently to fail to develop black colonies on SPS agar and also that the medium 
lacks selectivity. Their decision to do so was based on studies carried out by Shahidi and 
Ferguson (1971) and Harmon (1976). However, over the years, refinements have been 
made to the SPS agar to improve its ability to isolate Clostridium perfringens. With 
regards to selectivity, SPS agar contains polymyxin and sulfadiazine whose inhibitory 
actions enhance the selectivity of SPS agar (Araujo et al., 2004). 
 
The following media were used in this experiment: Differential Reinforced Clostridial 
(DRC) agar and Sulfite Polymyxin Sulfadiazine (SPS) agar (Difco, UK). Both media were 
tested using the pour plate method (see Chapter two for detailed methodology). 
 
3.7.1 Paired Wilcoxon Signed Rank Statistical Test 
 
Tests of normality revealed that the dataset was not normally distributed (P value, 0.001). 
Clostridium perfringens spore counts from both media were logarithmically transformed 
(after adding 1 to each value) (Sartory et al., 2008) to increase the normality of the 
parameters for statistical analysis and to eliminate values which were zero or less than the 
detection limit. Results were analysed by linear regression to verify the linearity of the 
relationship between the Clostridium perfringens spores obtained with the two media. 
Since the dataset was not normally distributed following transformation, the Paired 
Wilcoxon Signed Rank Test (Mons et al., 2009) was performed to determine whether 
Clostridium perfringens counts from these media differed significantly. An analysis of 
variance (ANOVA) was automatically performed when the regression was done. ANOVA 
determined whether Clostridium perfringens counts from these media differed 
significantly.  
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3.7.2 Results and discussion 
 
In this study, 140 surface water samples were analysed in order to detect and enumerate 
Clostridium perfringens spores making use of two media using the pour plate technique 
(Table 3.1). 166 (59%) of the 280 (140 DRC agar + 140 SPS agar) water samples analysed  
 
Table 3.1 Pairs of Clostridium perfringens counts (log10cfu/100 ml) using  
                 differential reinforced clostridial (DRC) and sulfite polymyxin  
                 sulfadiazine (SPS) agars 
DRC SPS  DRC  SPS  DRC  SPS  DRC  SPS DRC SPS  DRC SPS 
2.00 2.00 0.00 0.00 2.70 2.78 0.00 2.30 0.00 0.00 2.00 2.60 
2.48 2.30 2.00 0.00 2.00 2.30 0.00 0.00 0.00 2.00 0.00 2.00 
0.00 0.00 2.00 0.00 2.00 0.00 0.00 0.00 0.00 2.00 0.00 0.00 
2.30 2.30 2.30 2.48 2.78 2.30 0.00 0.00 2.00 2.00 0.00 0.00 
0.00 0.00 2.00 0.00 2.00 0.00 0.00 0.00 2.85 3.36 0.00 2.48 
2.00 0.00 2.00 2.78 2.00 3.30 0.00 2.00 0.00 2.00 2.00 0.00 
0.00 2.00 0.00 2.00 2.00 3.04 0.00 2.00 0.00 2.30 2.60 2.70 
0.00 0.00 2.00 2.85 2.00 2.85 0.00 2.30 0.00 2.60 0.00 2.00 
2.00 2.70 2.78 2.00 0.00 2.00 0.00 2.48 0.00 2.00 2.30 2.30 
2.48 0.00 0.00 0.00 0.00 2.00 2.00 3.11 2.30 2.70 0.00 0.00 
2.70 2.30 2.60 0.00 2.00 2.70 0.00 0.00 0.00 2.48 0.00 0.00 
2.00 0.00 0.00 0.00 2.00 2.90 0.00 2.78 2.90 2.60 0.00 2.00 
2.00 2.00 2.60 2.30 3.30 3.48 0.00 2.70 0.00 0.00 2.00 2.00 
3.11 3.15 0.00 0.00 2.60 3.23 0.00 2.48 2.60 0.00 2.00 2.00 
2.00 2.00 0.00 0.00 3.23 3.60 0.00 2.30 0.00 0.00 0.00 2.30 
2.48 2.48 0.00 2.00 3.04 3.26 0.00 0.00 0.00 2.60 0.00 2.00 
0.00 0.00 0.00 0.00 2.85 3.04 0.00 2.00 2.00 2.48 2.78 2.48 
2.00 2.30 2.00 2.30 0.00 3.70 0.00 2.00 2.30 2.70 3.08 2.78 
2.48 2.30 2.00 2.30 0.00 0.00 0.00 0.00 3.43 3.70 2.60 2.30 
2.48 2.78 0.00 0.00 2.00 2.00 0.00 0.00 0.00 2.00 2.00 2.30 
2.90 3.20 0.00 2.00 0.00 2.30 0.00 0.00 0.00 0.00 3.52 3.11 
3.42 3.53 2.48 3.20 2.95 3.00 0.00 0.00 0.00 2.00 3.63 3.54 
0.00 0.00 0.00 2.30 2.31 2.70 0.00 2.30 0.00 2.70 3.11 3.04 
0.00 0.00 0.00 3.00         
 
gave positive presumptive results for Clostridium perfringens in at least one of the culture 
media used. Ninety seven (69%) of water samples analysed using SPS agar gave positive 
results for presumptive Clostridium perfringens while only 69 (49%) of same water 
samples analysed using DRC agar gave positive presumptive results for Clostridium 
perfringens. Counts in these samples ranged from less than detection threshold (<1) to 5 x 
103 Clostridium perfringens cfu/100 ml. The highest Clostridium perfringens count of 3.7 
log10cfu/100 ml was obtained on SPS agar. Of 140 samples tested for presumptive 
Clostridium perfringens using DRC agar, 69 (49%) were positive and 71 (51%) were 
negative while of 140 of the same water samples tested for presumptive Clostridium 
perfringens using SPS agar 97 (69%) were positive and 43 (31%) were negative. 
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Regression analysis of the presumptive spore counts comparing DRC and SPS counts 
showed a small correlation value (R2=22.4%). The low correlation value found between 
DRC agar and SPS agar is a consequence of higher Clostridium perfringens spore counts 
being obtained with SPS agar, and thus the results plotted tended to be biased towards the 
X axis (Figure 3.10). 
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Figure 3.10 Comparison between DRC agar and SPS agar media for the enumeration    
         of spores of Clostridium perfringens in surface water samples 
 
Both Wilcoxon Signed Rank Test and ANOVA showed that there was a statistically 
significant difference (P<0.05) between the Clostridium perfringens counts of the two 
media employed (Tables 3.2 and 3.3). 
 
Table 3.2 Regression analysis of Clostridium perfringens spore counts obtained on both   
     media 
The regression equation is: LogDRCagar = 0.3513 + 0.4841logSPSagar 
 
S = 1.11632   R-Sq = 22.4%   R-Sq (adj) = 21.8% 
 
Analysis of Variance 
Source        DF         SS         MS        F       P 
Regression     1        49.506                49.5062   39.73   0.000 
Error        138       171.971    1.2462 
Total        139       221.477 
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Table 3.3 Wilcoxon Signed Rank Test of Clostridium perfringens spore counts obtained  
      on both media 
Test of median = 0.000000 versus median not = 0.000000 
                    
                             N for   Wilcoxon         Estimated 
                 N        Test   Statistic         P       Median 
LogDRCagar       140      69      2415.0                 0.000       1.152 
LogSPSagar        140      97      4753.0                 0.000       1.766 
 
The results suggest that SPS agar is the more effective agar of the two tested for detecting 
and enumerating presumptive Clostridium perfringens spores under the conditions of this 
study. Previous studies failed to agree on which agars and methods should be used to 
detect and enumerate presumptive Clostridium perfringens, with some favouring TSC (de 
Jong et al., 2003), while others favoured RCA (Byrne et al., 2007). Therefore, further 
research is needed using a great variety of both selective and non-selective Clostridium 
perfringens spore isolating media, and also water samples from different sources and 
geographical regions. Based on the results of 69% positive detection of Clostridium 
perfringens as against 49%, and the statistical analysis (ANOVA and Wilcoxon Signed 
Rank Test), it was decided that SPS agar will be used in the main study.  
 
3.8 Faecal indicator bacteria and holding period  
 
Six water samples stored at were selected at random and analysed for thermotolerant 
coliforms and presumptive intestinal enterococci within 12 h of sample collection. The 
water samples were then stored at 4ºC and analysed at 24 h, 48 h, 72 h, and 96 h intervals 
by membrane filtration methods previously described in Chapter 2. The aim was to find 
out whether there were any statistically significant changes in bacterial (thermotolerant 
coliforms and intestinal enterococci) levels of water samples analysed within 12 h of 
collection, when compared with levels present at 24 h, 48 h, 72h, and 96 h following 
storage at 4 ± (0.5)ºC. If there is a significant difference, it will be useful to determine what 
the maximum storage holding period should be.  
 
3.8.1 Outcomes, discussion and conclusions 
 
The results of thermotolerant coliforms and presumptive intestinal enterococci levels over 
time are presented in Table 3.4 and 3.5.  
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Table 3.4 Thermotolerant coliforms levels (cfu/100 ml) 
Holding period (Hours) 
Within 12 24 48 72 96 
4000 2700 1800 1450 1100 
1450 750 200 100 100 
3250 4350 1600 1400 1450 
4600 2050 1800 1800 1500 
1600 900 1400 1000 650 
104000 104000 227000 203000 105500 
 
Table 3.5 Presumptive intestinal enterococci levels (cfu/100 ml) 
Holding period (Hours) 
Within 12 24 48 72 96 
2700 850 900 1200 900 
650 300 200 100 000 
7750 2500 3700 3350 1600 
5400 2800 3400 2350 600 
1550 900 1200 1000 1400 
80000 80000 50000 59000 50000 
 
Figure 3.11 and 3.12 show changes in bacterial viability with respect to time. Computing 
the differences between thermotolerant coliforms counts for samples analysed within 12 h 
of collection and those of the same samples stored at 4ºC and analysed at 24 h, 48 h, 72, 
and 96 h, show that the mean thermotolerant coliforms counts at 12 h is not significantly 
different from the mean thermotolerant coliforms levels at 24 h. The error bars of mean 
thermotolerant coliforms counts at 12 h and 24 h overlapped; hence, their mean 
thermotolerant coliforms counts is highly similar (Figure 3.11). 
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     Figure 3.11 The impact of holding period on viability of thermotolerant coliforms   
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However, the error bars of mean thermotolerant coliforms counts at 48 h, 72 h, and 96 h 
did not overlap with the counts at 12 h; hence, their true mean thermotolerant coliforms 
counts are different. The thermotolerant coliforms counts were higher for 12 h and 24 h but 
comparatively lower for 48 h, 72 h, and 96 h. The error bars of mean presumptive 
intestinal enterococci counts at 12 h, 24 h, 48 h, 72, and 96 h did overlap; hence their mean 
presumptive intestinal enterococci counts could be regarded as being the same (Figure 
3.12). However, presumptive intestinal enterococci counts were comparatively higher for 
12 h and 24 h. 
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     Figure 3.12 The impact of holding period on viability of presumptive intestinal  
              enterococci  
 
The results illustrate clear relationships between storage time and the faecal indicators. The 
thermotolerant coliforms and presumptive intestinal enterococci declined linearly with 
increasing storage time. Significant losses in thermotolerant coliforms and presumptive 
intestinal enterococci counts occurred in all the samples held for 24 h and the losses were 
even greater when samples were held for 48 h, 72 h, and 96 h. Rates of decline, especially 
thermotolerant coliforms appear to be linear rather than curvilinear (McDaniels et al., 
1985). The results also suggest that presumptive intestinal enterococci are more persistent 
than thermotolerant coliforms. Similar decreases in thermotolerant coliforms levels of 
water samples were reported by Jordon (1900), Caldwell and Parr (1933), Standridge and 
Lesar (1977), and McDaniels et al., (1985). Caldwell and Parr (1933) observed a gradual 
decrease in thermotolerant coliforms with increase of storage time. Using the multiple-tube 
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dilution (MTD) method, Lonsane et al. (1967) observed that for samples containing more 
than 1000cfu/ 100 ml, the counts were 40% of the original counts when stored for 72 h at 
refrigeration temperature (4±0.5ºC). 
 
The factors that are thought to influence thermotolerant coliforms and presumptive 
intestinal enterococci levels of a water sample are changes in temperature, availability of 
nutrients, the presence and number of other micro-organisms (interspecific competition 
and predation), oxygen concentration, toxic materials, and ingestion of thermotolerant 
coliforms and intestinal enterococci by protozoa. Due to availability of limited amounts of 
nutrients in a water sample, there is competition with other natural flora in the water. 
Starvation and injury resulting in death may be the reason for the declining numbers of 
thermotolerant coliforms and intestinal enterococci with time.  
 
This study concluded that water samples for thermotolerant coliforms enumeration could 
be stored at 4ºC for up to 24 h, and there will be no statistically significant difference 
between counts obtained following enumeration within 12 h and those obtained following 
enumeration > 12 h ≤ 24 h. However, the thermotolerant coliform counts obtained 
following enumeration within 12 h were highest. With regards to presumptive intestinal 
enterococci, counts obtained following enumeration within 12 h of sample collection and 
the counts obtained following enumeration > 12 h ≤ 24 h were similar, however, the counts 
obtained within 12 h were higher. However, to ensure that the most accurate data are 
generated, water samples collected for thermotolerant coliforms and presumptive intestinal 
enterococci analysis should be analysed as soon as possible. It was therefore decided that 
all samples should be analysed for thermotolerant coliforms and intestinal enterococci 
within 6 to 12 h of samples collection. 
 
3.9 Recommendations for full study based on the outcomes of the pilot studies 
 
The following recommendations were reached following these initial studies. Some 
recommendations were for logistical reasons whilst others were to ensure that robust 
scientifically sound procedures were in place for the main study: 
 to minimise changes in bacteria levels, microbial analysis should be undertaken as 
soon as possible on the day of water sample collection (within 6 to 12 h of sample 
collection) 
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 during the holding time, the water samples should be maintained at circa 4°C 
 SPS agar should be used to enumerate Clostridium perfringens, and 
 water samples for thermotolerant coliforms, total coliforms, and presumptive 
intestinal enterococci analysis should not be frozen.  
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CHAPTER 4 –STORM EVENT STUDY  
 
4.1 Introduction 
 
Recent research has highlighted the link between storm events, increased faecal 
contamination from non-point sources (NPS) (Krometis et al., 2007; Coulliette and Noble, 
2008; Kay et al. 2008; Zhang et al., 2008; Schilling et al., 2009), and elevated incidence of 
waterborne diseases (Curriero et al., 2001; Cronin et al., 2006; Thomas et al., 2006). The 
number of faecal organisms entering watercourses varies with the amount of surface 
runoff, especially with the “first flush,” following heavy rainfall. If indeed storm events 
become more frequent as a result of climate change (Bates et al., 2008) then it may be 
expected that the incidence of waterborne diseases may also increase accordingly. This 
aspect of the study, which was carried out from 07 July to 14 July 2008, therefore sets out 
to investigate the impact of rainstorm events on several sites within the study catchment.  
 
4.1.1 Main aim of the storm event study 
 
To evaluate the dynamics of temporal variation of discharge and microbial levels, 
and chemo-physical concentrations during a storm event within the River Ouse 
catchment 
 
4.1.2 Specific objectives of the storm event study 
 
a. to examine the relationship between rainfall, discharge, microbial levels, and 
potential sources  
b. to examine the relationship between rainfall, discharge, and chemo-physical 
concentrations 
c. to determine whether the sampling sites breach EU water quality standards 
during storm events  
d. to determine whether rainfall and flow rates can be used as monitoring tools, to 
surrogate for, or replace FIO as a means of establishing the potential health 
risks during storm events, and 
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e. to determine whether there are any statistically significant differences between 
the levels of microbial parameters and chemo-physical parameters during low 
flow and high flow events. 
 
All sampling and analysis were carried out in accordance with the methods outlined in 
Chapter 2. The sampling sites selected for the event study were Clapper‟s Bridge, Spatham 
Lane, and Wales Farm (Figure 4.1). These sites were selected as they receive human, 
agricultural and mixed faecal inputs from a variety of point sources (PS) and non-point 
sources (NPS). 
 
 
 
4.2 Test for normality and exploratory data analysis 
 
In order to determine whether or not to use the parametric or non-parametric statistical 
analyses on the event dataset (Appendix 4), tests of normality were first applied. Normal 
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probability plots (normal q-q plots) in conjunction with the Kolmogorov-Smirnov and the 
Shapiro-Wilk normality tests were applied to data from each of the sampling sites and 
showed that most parameters were not normally distributed. Tests of normality prior to 
log10 transformation indicated that thermotolerant coliforms, phages of Bacteroides (GB-
124), redox potential, pH, and rainfall did not have a normal distribution for all the 
sampling sites (p value < 0.05) , whereas Clostridium  perfringens, somatic coliphages and 
temperature had a normal distribution for all sites (p value > 0.05). In addition, 
presumptive intestinal enterococci, phages of Bacteroides (GB-124), conductivity, 
dissolved oxygen (DO), and stream discharge (Q) were non-normally distributed (p value 
< 0.05) for Clapper‟s Bridge while suspended solids (SS) and turbidity were (p value > 
0.05). For Spatham Lane, intestinal enterococci, phages of Bacteroides (GB-124), and 
turbidity were not normally distributed (p value < 0.05) while SS, conductivity and DO 
were (p value > 0.05). Whilst for Wales Farm, SS and turbidity were not normally 
distributed (p value < 0.05), intestinal enterococci, conductivity, and DO were (p value > 
0.05).  
 
Box-and-whisker plots of individual parameters at each of the three sampling sites were 
plotted and examined. These showed that the data set had some extreme individual values 
(outliers), confirming that the data set was not normally distributed. According to Pallant 
(2005) SPSS regards points as outliers if they extend more than 1.5 box-lengths from the 
edge of the box, and extreme points if they extend more than 3 box-lengths from the edge 
of the box. Outliers are usually plotted with asterisks.  Figure 4.2 shows a bar chart for 
thermotolerant coliforms levels at Clapper‟s Bridge, Spatham Lane, and Wales Farm 
during the one week of the event sampling. 
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   Figure 4.2 Bar chart for thermotolerant coliforms levels at Clapper‟s Bridge, Spatham     
          Lane and Wales Farm 
 
4.3 Microbial and chemo-physical dynamics during rainfall and run-off events  
 
The main emphasis of the storm event study was to investigate the microbial dynamics 
(particularly FIO levels) at each sampling site. Therefore, the change in thermotolerant 
coliforms and presumptive intestinal enterococci levels will be discussed in greater detail, 
whereas the other microbial parameters and chemo-physical parameters will be mentioned 
briefly. Overall, rainfall and discharge appeared to be primarily positively associated with 
faecal microbial levels. 
 
4.3.1 Rainfall and river discharge  
 
The rainfall and discharge (Q) dataset is presented in Table 4.1. There were four days of  
 
Table 4.1 Daily rainfall (mm) and discharge (m3/s) for the month of July 2008 
Sampling 
date 
Rainfall 
(mm) 
Discharge 
(m3/s) 
Sampling 
date 
Rainfall 
(mm) 
Discharge 
(m3/s) 
Sampling 
date 
Rainfall 
(mm) 
Discharge 
(m3/s) 
1 0 0.07 11 0 0.13 21 0 0.06 
2 0 0.07 12 0 0.1 22 0 0.06 
3 0 0.07 13 0 0.09 23 0 0.06 
4 0 0.07 14 0 0.08 24 0 0.06 
5 0.4 0.06 15 0 0.08 25 0 0.06 
6 4.6 0.07 16 0 0.08 26 0 0.06 
7 4.2 0.28 17 0 0.07 27 0 0.07 
8 2.2 0.15 18 0 0.07 28 11.8 0.05 
9 15.6 0.2 19 0.2 0.07 29 0 0.12 
10 0.8 0.35 20 0 0.07 30 0 0.07 
      31 0 0.06 
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rainfall in the River Ouse catchment during this event study  (Table 4.1). The rainfall was 
measured and flow was gauged at Clapper‟s Bridge at Barcombe by the Environment 
Agency. The highest amount of rainfall (15.6 mm) was measured on 9th of July 2008 whilst 
the highest discharge (0.35 m3/s) was recorded on the 10th of July 2008. The average 
baseflow before and after the storm event in July 2008 was circa 0.07 m3/s. Though there 
was 0.40 mm and 4.6 mm of rainfall on the fifth and sixth day respectively, the Q was still 
at baseflow level (around 0.07 m3/s). By the seventh day when the rainfall was 4.20 mm, 
the Q increased fourfold (from 0.07 to 0.28 m3/s). As rainfall decreased to 2.2 mm on the 
8th day, the Q declined from 0.28 to 0.15 m3/s (about twofold). A rainfall of 15.6 mm on 
the 9th day once again increased the Q from 0.15 to 0.35 m3/s on the 10th. Though there was 
only 0.8 mm of rainfall on the 10th day, the Q remained 0.35 m3/s. From day 11 to 18 there 
was no rainfall; however, there was a lag of about three days (11 to 13) for the Q to return 
to its baseflow level of 0.08 m3/s (Figure 4.3).  
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Figure 4.3 Daily rainfall and flow from July 1st to 31st measured at Clapper‟s Bridge 
                   in the Ouse catchment during the storm event  
 
The relationship between daily Q (m3/s) and daily rainfall (mm) was investigated using the 
Pearson product-moment correlation coefficient. As may be expected, river Q was linearly 
related to rainfall (positive relationship, r = 0.74, n = 45) (Figure 4.4). Greatest Q tended to 
occur during rainfall.  
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      Figure 4.4 Scatterplot with regression line of daily discharge vs. daily rainfall  
 
4.3.2 Thermotolerant coliforms and presumptive intestinal enterococci dynamics 
during storm events 
 
Although there were 0.40 mm and 4.6 mm of rainfall on the 5th and 6th day of July 
respectively, there was no change in Q (0.07 m3/s). Therefore, the microbial levels of the 
water samples collected on the morning of the 7th were considered to be non-storm event. 
Samples taken on subsequent dates (8th to 11th July) were considered as storm event 
samples. The magnitude of change in the microbial levels during the storm event was 
based on the microbial levels of the water sample collected on the morning of 7th July. 
There was no Q data available for Wales Farm or Spatham Lane.  
 
The data showed that there was a temporal variation in microbial levels across the three 
sampling sites during the storm event. Overall, the microbial levels (thermotolerant 
coliforms, presumptive intestinal enterococci, Clostridium perfringens, and somatic 
coliphages) tended to be higher when the rainfall (total or accumulative) and Q were higher 
(Figure 4.5).  
 
r = 0.74 
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      Figure 4.5 Changes in thermotolerant coliforms and presumptive intestinal enterococci     
  levels with changing discharge at Clapper‟s Bridge from 1 – 16 July 
      
Increased microbial levels started occurring but on the second (or many hours) day 
following rainfall. Thermotolerant coliforms and presumptive intestinal enterococci levels 
both increased with greater stream Q, such that the highest Thermotolerant coliforms and 
presumptive intestinal enterococci levels were about 1.1-1.2 logs higher than the baseflow 
thermotolerant coliforms and presumptive intestinal enterococci levels, respectively, at all 
three sampling sites. Clostridium perfringens and somatic coliphages showed similar 
responses to the amount of rainfall and Q across all three sampling sites (Appendix 4). The 
period between storms appeared to have minimal influence on the relationship between 
rainfall and microbial levels. 
 
The microbial results reported here are corroborated by other recent researches. Coulliette 
and Noble (2008), Kay et al. (2008), and Kistemann et al. (2002) reported statistically 
significant increases in microbial levels during high-flow events when compared with 
base-flow events, with levels increasing by more than one order of magnitude. Shah et al. 
(2007) reported that faecal coliform levels increased by 2 to 4 times in storm event 
samples. Cronin et al. (2006) reported an order of magnitude difference between wet and 
dry season faecal coliform levels. According to Schilling et al. (2009) thermotolerant 
coliforms levels vary with flow conditions (Q). These authors reported highest 
thermotolerant coliforms levels during the period which simultaneously registered the 
highest amount of rainfall and the highest river Q. Howard et al. (2003) reported a 
significant relationship between median faecal coliforms level of contamination and 
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rainfall in their study in Uganda. Several other studies (for example, Ackerman and 
Weisberg, 2003; Lipp et al., 2001) found that rainfall negatively affected surface microbial 
water quality, most likely due to a rise in FIO. 
 
There were positive correlations between rainfall (same day, antecedent, or cumulative), 
thermotolerant coliforms and presumptive intestinal enterococci and between discharge, 
thermotolerant coliforms and presumptive intestinal enterococci at all three sampling sites 
(Figures 4.6 & 4.7).  
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    Figure 4.6 Correlation between daily rainfall and thermotolerant coliforms at Clapper‟s  
            Bridge 
 
These results are similar to those of Wilkes et al. (2009) who in their study found that 
thermotolerant coliforms, presumptive intestinal enterococci, and Clostridium perfringens 
levels were strongly correlated with cumulative rainfall and Q. In the present study, 
positive significant correlations between daily rainfall and thermotolerant coliforms were  
r = 0.86, r = 0.97, and r = 0.87 at Clapper‟s Bridge, Spatham Lane, and Wales Farm, 
respectively while the positive significant correlations between daily rainfall and 
presumptive intestinal enterococci were r = 0.52, r = 0.92, and r = 0.80 at Clapper‟s 
Bridge, Spatham Lane, and Wales Farm respectively. Although thermotolerant coliforms 
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levels were clearly higher during periods of greater Q, the positive linear relationship of 
daily thermotolerant coliforms levels to daily Q was moderately strong while the positive 
linear relationship of daily thermotolerant coliforms levels to daily rainfall can be regarded 
as very strong based on Cohen (1988).  
 
0.350.300.250.200.150.100.05
4.6
4.4
4.2
4.0
3.8
3.6
3.4
3.2
3.0
Daily discharge (Q) (m3/s)
T
he
rm
ot
ol
er
an
t c
ol
ifo
rm
s 
(lo
gc
fu
/1
00
 m
l)
r = 0.46
 
     Figure 4.7 Correlation between stream discharge and thermotolerant coliforms at   
            Clapper‟s Bridge 
 
The strongest positive correlations were found between rainfall and microbial levels. 
Results suggested that microbial levels measured on the first day that discharge increased 
in response to the rainfall may be related in time to levels measured up to 3 days later, i.e., 
there was no statistically significant difference between microbial levels. This finding was 
corroborated by findings of Haley et al. (2009).  Similar results were reported by Howard 
et al. (2003), the levels of thermotolerant coliforms showed a strong significant correlation 
with the amount of rainfall in the previous 48 h. Though the thermotolerant coliforms 
correlation with rainfall in the previous 120 h was less significant, it could be argued that 
for 72 h it would possibly have been strong and significant were it determined. 
 
There was a moderate (r = 0.46) and strong positive (r = 0.50) correlation between Q and 
thermotolerant coliforms at Clapper‟s Bridge and Spatham Lane respectively, and very 
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strong positive (r = 0.72) and strong positive (r = 0.59) correlation between Q and 
intestinal enterococci at Clapper‟s Bridge and Spatham Lane. It could be that correlation 
between rainfall and thermotolerant coliforms was strongest at Clapper‟s Bridge. 
 
4.4 Comparison of storm event and non-storm event chemo-physical concentrations 
and microbial levels 
 
Apart from conductivity, pH, and redox potential which remained relatively constant at all 
three sites, turbidity, SS, and DO increased with increasing rainfall and Q. For example, 
the correlation between turbidity and Q was r = 0.79 and r = 0.41 at Clapper‟s Bridge and 
Spatham Lane respectively while the correlation between turbidity and rainfall was r = 
0.38, r = 0.91, and 0.82 at Clapper‟ Bridge, Spatham Lane and Wales Farm respectively. 
Figure 4.8 shows the correlation between average Q and turbidity at Clapper‟s Bridge.  
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     Figure 4.8 Scatterplot of daily discharge vs. turbidity at Clapper‟s Bridge 
 
Not surprisingly, increased thermotolerant coliforms, intestinal enterococci, somatic 
coliphages, and Clostridium perfringens levels were closely associated with the increased 
turbidity resulting from the storm event (Figure 4.9). Similar results were obtained by 
Thornton et al. (1980).  
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Figure 4.9 Scatterplots of turbidity vs. thermotolerant coliforms at Spatham Lane      
 
Storm event chemo-physical concentrations and microbial levels were compared with non-
storm event chemo-physical concentrations and microbial levels. The fifteen water samples 
collected during the storm event at each sampling site (Clapper‟s Bridge, Spatham Lane, 
Wales Farm) were considered as event samples, herein referred to as event samples (ES). 
From Clapper‟s Bridge, Spatham Lane, and Wales Farm sampling sites, fifteen non-event 
samples were randomly selected from the entire one year dataset provided the samples 
were collected when there had been no rainfall at least six days prior to the collection of 
the samples. Such samples are herein referred to as non-event samples (NES). The results 
of the comparisons of ES and NES chemo-physical concentrations and microbial levels are 
shown in Table 4.2. For the chemo-physical concentrations both the mean and maximum 
are shown while for the microbial levels both the median and maximum are shown. In the 
case of microbial levels, medians were used because the microbial levels dataset was not 
normally distributed; therefore, in this case the median was a better measure of central 
tendency. The dataset was not log10 transformed. 
 
4.4.1 Clapper’s Bridge 
 
At Clapper‟s Bridge, the conductivity was generally higher in the NES (mean, 173.4); 
however, the maximum conductivity of 562 µS was observed in an ES. Although the 
maxima for SS (46 mg/l) and turbidity (43.9 mg/l) found in ES were lower than those 
present in NES (48 mg/l and 81.1 mg/l for SS and turbidity respectively), the means for SS 
(30.6 mg/l), and turbidity (25 mg/l) were in fact higher in the ES (by a factor of at least 10)  
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Table 4.2 Chemo-physical concentrations and microbial levels for storm event and non-storm event samples at all three sampling sites 
Sampling site Samples No. of samples                                                                       Mean (maximum) 
Cond (µS) DO (mg/l) pH Redox (Mv) SS (mg/l) Turbidity (mg/l)  
Clapper‟s Bridge ES 15 153.7 (562) 5.1 (6.8) 7.5 (8.1) 103.7 (163) 30.6 (46) 25 (43.9)  
NES 15 173.4 (560) 14 (19.3) 8.1 (8.4) 150.8 (259) 17 (48) 16.6 (81.1)  
Spatham Lane ES 15 106.3 (196) 5 (5.7) 7.4 (8) 111.1 (129) 17.9 (34) 7.3 (13)  
NES 15 126.5 (323) 14.3 (24) 7.9 (8) 153.3 (186) 12.3 (22) 5.8 (13)  
Wales Farm ES 15 225.1 (403) 4.5 (5.3) 7.3 (8) 111.9 (130) 46.7 (178) 38.3 (148)  
NES 15 178.1 (411) 11.6 (22.2) 7.8 (8) 156.9 (187) 17.3 (44) 10.9 (38.6)  
Sampling site Samples No. of samples                                                                      Median (maximum) 
Bacteroides (GB-124)   
(pfu/100 ml) 
C. perfringens 
(cfu/100 ml) 
Thermotolerant 
C. (cfu/100 ml) 
Presumptive enterococci 
(cfu/100 ml) 
Som. Coliphages 
(pfu/100 ml) 
Clapper‟s Bridge ES 15 0.0 (200) 500 (1500) 3100 (38400) 1100 (37600) 34000 (62400) 
NES 15 200 (1300) 100 (400) 550 (1900) 300 (12300) 6500 (20800) 
Spatham Lane ES 15 0.0 (100) 1100 (2700) 700 (79200) 1000 (29200) 28000 (61600) 
NES 15 100 (1400) 350 (1700) 500 (8200) 150 (23200) 17400 (56400) 
Wales Farm ES 15 0.0 (0.0) 1300 (6400) 42000 (812000) 91000 (226000) 49600 (96800) 
NES 15 0.0 (300) 400 (5700) 7000 (90000) 7000 (50000) 11500 (51600) 
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than those present in NES (17 mg/l and 16.6 mg/l for SS and turbidity respectively). The 
peak turbidity value (81.1 mg/l) was very considerably higher than values recorded for 
NES. Therefore, it appears that SS and turbidity levels may be expected to be markedly 
higher during the storm events at this site. The other chemo-physical parameters did not 
show any appreciable change in levels during event sampling (Figure 4.10). 
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Figure 4.10 Concentrations of storm event samples (ES) and non-storm event (NES) 
samples at Clapper‟s Bridge 
 
4.4.2 Spatham Lane 
 
At Spatham Lane, there were appreciable increases in SS and turbidity levels in ES when 
compared to the NES concentrations. The mean increased from 12.3 mg/l to 17.9 mg/l and 
from 5.8 mg/l to 7.3 mg/l for SS and turbidity respectively. The lowest ES turbidity 
concentration at Spatham Lane was 3.92 mg/l while the lowest NES turbidity was 2.94 
mg/l. For ES suspended solids and the NES suspended solids concentrations, the lowest 
concentrations were 6 mg/l and 5 mg/l respectively. The means and maxima for ES 
conductivity, DO, pH, and redox potential were below the corresponding values obtained 
for the NES (Figure 4.11).  
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Figure 4.11 Concentrations of storm event samples (ES) and non-storm event (NES) 
samples at Spatham Lane 
 
4.4.3 Wales Farm 
 
At Wales Farm, the mean SS (17.6 mg/l to 46.7 mg/l) and turbidity (11.3 mg/l to 38.3 
mg/l) concentrations and the maximum SS (44 mg/l to 178 mg/l) and turbidity (38.6 mg/l 
to 148 mg/l) concentrations increased drastically during the storm event. The mean 
conductivity for ES increased from 183.4 µS to 225.1 µS. On the other hand, DO, pH, and 
redox potential levels were conspicuously less than the corresponding values found in NES 
(Figure 4.12). 
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Figure 4.12 Concentrations of storm event samples (ES) and non-storm event (NES) 
samples at Wales Farm 
 
4.4.4 Student’s t test for ES and NES: Clapper’s Bridge 
 
At Clapper‟s Bridge, during storm event, thermotolerant coliforms, Clostridium 
perfringens, and somatic coliphage levels showed significant increases (p values, 0.025, 
0.002, and 0.007 respectively). There was no statistically significant difference with 
regards to ES and NES intestinal enterococci levels. Plaque-forming units of phages of 
Bacteroides (GB-124) were higher in the NES. SS increased significantly, but DO and 
redox potential were significantly lower in ES. There were no significant differences in 
conductivity, turbidity, and pH levels (Table 4.3). 
 
Table 4.3 Independent t test for ES and NES samples at Clapper‟s Bridge  
Parameter ES (n = 15) NES (n = 15) P value* 
Mean Max. Std dev Mean Max. Std dev 
Thermotolerant c. 7806.7 38400 10799.4 820 1900 580 0.025a 
Presumptive enterococci 6823.3 37600 10331.7 1573.3 12300 3388.7 0.079 
C. perfringens 536.7 1500 382.9 153.3 400 149.4 0.002a 
Som. coliphages 30593.3 62400 19638.8 8240 20800 5822.1 0.001a 
Bacteroides (GB-124) 54.3 200 74.3 360 1300 371.9 0.007b 
SS 30.6 46 9.9 17 48 10.2 0.001a 
DO 5.1 6.8 0.6 14 19.31 7 0.001b 
Conductivity 153.7 562 123.5 173.4 560 163.1 0.712 
Redox  103.7 163 34.5 150.8 259 45.3 0.003b 
Turbidity 25 43.9 9.9 16.6 81.1 18.4 0.127 
pH 7.5 8.1 1.8 8.1 8.4 0.2 0.211 
* Values were considered significantly different if the p value was <0.05. a The ES values were significantly greater than 
the NES values. b The ES values were significantly less than the NES values. 
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4.4.5 Student’s t test for ES and NES: Spatham Lane 
 
At Spatham Lane, only Clostridium perfringens levels increased significantly during the 
storm event, whilst levels of plaque-forming units of phages of Bacteroides (GB-124) 
decreased significantly. There were no significant differences regarding thermotolerant 
coliforms, presumptive intestinal enterococci, and somatic coliphage levels. SS 
concentrations showed significant increases, whereas DO and redox potential were 
significantly lower. There were no significant differences in conductivity, turbidity, and pH 
(Table 4.4). 
 
Table 4.4 Independent t test for ES and NES samples at Spatham Lane  
Parameter ES (n = 15) NES (n = 15) P value* 
Mean Max. Std dev Mean Max. Std dev 
Thermotolerant c. 11043.3 79200 21317.7 1406 8200 2136.8 0.103 
Presumptive enterococci 6876.7 29200 9116.4 2076 23200 5927.9 0.100 
C. perfringens 1356.7 2700 983.6 536.7 1700 574.6 0.009a 
Som. coliphages 30840 61600 16954 22800 56400 16513 0.199 
Bacteroides (GB-124) 41 100 50.7 260.1 1400 371.8 0.040b 
DO 5 5.7 0.6 14.3 24 6.2 0.000b 
Conductivity 106.3 196 59.8 126.5 323 85.4 0.461 
Redox  111.1 129 35.5 153.3 186 22.9 0.001b 
Turbidity 7.3 13 3 5.8 13 2.9 0.166 
pH 7.4 8 1.8 7.9 8.0 0.11 0.303 
SS 17.9 34 7.1 12.3 22 4.4 0.015a 
* Values were considered significantly different if the p value was <0.05. a The ES values were significantly greater  
than the NES values. b The ES values were significantly less than the NES values. 
 
4.4.6 Student’s t test for ES and NES: Wales Farm 
 
At Wales Farm, presumptive intestinal enterococci and somatic coliphage levels increased 
significantly in ES; whereas thermotolerant coliforms, Clostridium perfringens, and phages 
of Bacteroides (GB-124) did not show any significant increases in their levels. Of the 
chemo-physical parameters, turbidity and SS concentrations were significantly higher 
during the storm event, while DO and redox potential concentrations were significantly 
lower. There were no statistical significant differences in pH and conductivity (Table 4.5). 
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Table 4.5 Independent t test for ES and NES samples at Wales Farm 
Parameter ES (n = 15) NES (n = 15) P value* 
Mean Max. Std dev Mean Max. Std dev 
Thermotolerant c. 133200 812000 216009.2 16303.3 90000 23060.5 0.056 
Presumptive enterococci 87593.3 226000 67813.2 12040 50000 13137.7 0.001a 
C. perfringens 2193.3 6400 1911.0 1073.3 5700 1645.4 0.096 
Som. coliphages 47873.3 96800 23401.2 18146.7 51600 17593.2 0.001a 
Bacteroides (GB-124) 0.0 0.0 0.0 46.7 300 91.5 0.074 
DO 4.5 5.32 0.8 11.6 22.2 5.9 0.001b 
Conductivity 225.1 403 101.3 178.1 411 97.0 0.206 
Redox  111.9 130 32.7 156.9 187 20.2 0.000b 
Turbidity 38.3 148 46.8 10.9 38.6 11.2 0.043a 
pH 7.3 8 1.8 7.8 8 0.1 0.248 
SS 46.7 178 48 17.3 44 13.3 0.036a 
* Values were considered significantly different if the p value was <0.05. a The ES values were significantly greater than 
the NES values. b The ES values were significantly less than the NES values. 
 
4.5 Principal component analysis (PCA)  
 
PCA can be used to monitor spatial and temporal changes in water quality, for it possibly 
can identify sampling sites showing a particular behaviour or a sign of a possible point 
(PS) or non-point (NPS) source of pollution (Bengraine and Marhaba, 2003). PCA is not 
only useful in determining the main source of water pollution, but it can also provide 
information on the most meaningful parameters, which describe a whole dataset. PCA was 
used for an empirical summary of the storm event dataset; to produce a smaller set of linear 
combinations of the original parameters that could help in identifying the sources 
responsible for water quality variations in the River Ouse catchment during storm events.  
 
Before performing the PCA, the compatibility of the dataset for factor analysis was 
assessed. For the entire storm event dataset, the Kaiser-Meyer-Olkin (KMO) Measure of 
Sampling Adequacy value (0.64) was above 0.6, and the Bartlett‟s Test of Sphericity value 
was significant (p value, <0.001), therefore factor analysis was appropriate. The conditions 
that the KMO Measure of Sampling Adequacy and the Bartlett‟s Test of Sphericity must 
be ≥ 0.6 and ≤ 0.05 respectively were both satisfied (Appendix 5a), thus, support the 
factorability of the correlation matrix (Pallant, 2007). The other assumptions of linearity 
and outliers among cases were also satisfied. On the basis of the Kaiser criterion, PCA 
revealed four factors with eigenvalues above 1, (4.642, 2.389, 1.750, 1.351), and explained 
35.7%, 18.4%, 13.5% and 10.4% of the variance respectively. The screeplot (Appendix 5b) 
was used to identify the number of factors to be retained in order to determine better the 
underlying data structure. Based on the screeplot, three PCs which had eigenvalues greater 
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than 1 and explained 67.55% of the variance contained in the original dataset were retained 
for further investigation.  
 
For unrotated loadings of the three retained PCs, see Appendix 5b. The Matrix table shows 
that most of the parameters loaded quite strongly (above 0.4) on the first three factors. 
Very few parameters loaded on component 4. This further supported the conclusion from 
the screeplot to retain only three factors for further investigation. The three component 
solution explained a total of 67.55% of the variance, with principal component (PC) 1 
contributing 25.38%, PC2 contributing 23.54% and PC3 contributing 18.63%. To simplify 
and to aid in the interpretation of these three PCs, Varimax rotation was performed. A 
rotation of PCs can achieve a simpler and more meaningful representation of the 
underlying factors by decreasing the contribution to PCs of parameters with minor 
significance and increasing the more significant ones. Although rotation does not affect the 
„goodness of fitting‟ of the principal component solution, the variance explained by each 
factor is modified. The rotated solution showed a number of strong loadings (five on PC1, 
six on PC2 and four on PC3) on the components (Table 4.6). 
 
Table 4.6 Pattern/structure coefficients matrix for PCA with Varimax rotation of     
      storm event water quality parameters (all three sampling sites) 
Parameter Pattern Coefficients Communalities 
 PC1 PC2 PC3  
pH -.762 -.219 .366 .762 
Presumptive intestinal enterococci .759 .535 -.090 .870 
Thermotolerant coliforms .740 .498 -.251 .859 
Bacteroides (GB-124) -.692 .071 -.372 .622 
Clostridium perfringens .597 .267 -.239 .485 
Turbidity .035 .848 -.212 .766 
Suspended solids -.041 .841 -.109 .720 
Somatic coliphages .193 .692 -.074 .521 
Dissolved oxygen -.216 -.606 -.256 .480 
Redox potential -.106 -.144 .945 .925 
Conductivity .037 .040 .941 .888 
Antecedent rainfall .242 .240 -.248 .178 
Note. Major loadings for each parameter in bold 
 
PC1 was highly contributed by three parameters: thermotolerant coliforms, presumptive 
intestinal enterococci, and pH, and to a lesser extent by phages of Bacteroides (GB-124) 
and Clostridium perfringens. pH and phages of Bacteroides (GB-124) had a negative 
participation in PC1. PC1 represented mainly microbial load. This component will be 
referred to as the faecal contamination component as it explains mainly variation in 
microbial parameters (Table 4.6). 
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PC2 was highly contributed by two parameters: SS and turbidity, and to a lesser extent by 
intestinal enterococci, thermotolerant coliforms, somatic coliphages, and DO. DO had an 
inverse participation in PC2. PC2 will be referred to as the suspension load as it explains 
most of the variation in the component. 
 
PC3 was highly contributed by two parameters: conductivity and redox potential, and to a 
lesser extent by pH and phages of Bacteroides (GB-124). Phages of Bacteroides (GB-124) 
had an inverse participation in PC3. PC3 will be referred to as the freshwater (dilution) 
component as it explains mostly variation as a result of fresh water input. 
 
From the PCA results, it may convincingly be presumed that under storm event conditions, 
stream water quality variation were mainly related to microbial, and turbidity and 
suspended solids pollution.  The results of the PCA seem to suggest that the microbial load 
and the suspension load had a mutual origin, that of agricultural runoff from anthropogenic 
activities. These findings are supported by the catchment source/activity inventory.  
 
4.6 Modelling storm event FIB using standard multiple regression 
 
To save time to save life, a pro-active approach to informing the public when the bathing 
and drinking water quality is expected to exceed thermotolerant coliforms and/or 
presumptive intestinal enterococci threshold values (EU standards for example), an early 
warning tool needs to be in place. Therefore, the objective of this multiple regression 
modelling was to develop models using chemo-physical and environmental parameters that 
could predict thermotolerant coliforms and presumptive intestinal enterococci levels at 
locations within the River Ouse catchment, and which could possibly be applied to other 
river catchments. The faecal indicator bacteria parameters were log10-transformed whilst 
the chemo-physical and environmental parameters were not. 
 
Standard regression was used to assess the ability of chemo-physical and environmental 
(rainfall and river discharge) parameters to predict levels of thermotolerant coliforms and 
presumptive intestinal enterococci during the storm event. To ascertain that the 
assumptions of normality, multicollinearity, and homoscedasticity were not violated, 
preliminary analyses were conducted.  
104 
 
For the statistical regression modelling of thermotolerant coliforms and presumptive 
intestinal enterococci using easily determined chemo-physical and environmental 
parameters, the flow diagram below illustrates the process of selecting the parameters to be 
included in the final model. 
 
 
 
 
 
                    
 
 
 
 
 
 
 
 
 
 
 
                       Figure 4.13 Developing and assessing a statistical regression model 
 
4.6.1 Thermotolerant coliforms multiple regression model as an early warning tool 
 
Correlations with r > 0.3 were found between thermotolerant coliforms (TTC) and some 
chemo-physical and environmental parameters. R Square and Adjusted R Square were 0.72 
and 0.66 respectively. Beta values revealed that discharge (0.403), temperature (-0.423), 
dissolved oxygen (-0.196), and pH (-0.417) made the strongest contribution to explaining 
thermotolerant coliforms levels, when the variance explained by all other parameters in the 
model is controlled for. The unique contribution of each of these four parameters was 
significant, 0.001, 0.000, 0.041, and 0.037 for discharge, temperature, dissolved oxygen, 
and pH respectively. However, given that the correlation between redox potential and pH 
was greater than 0.7, these two parameters were excluded and the analysis was rerun with 
All chemo-physical and environmental parameters entered into the equation at 
once, examine the outputs (correlations, coefficients, and model summary) 
Correlations: select all chemo-physical and environmental parameters whose 
correlations with the dependent parameter are greater than or equal to 0.3, 
correlations between pairs of independent parameters less than 0.7, tolerance values 
of greater than 0.10 and variance inflation factor (VIF) of less than 10. 
 
Standardised Coefficients: select chemo-physical and environmental parameters 
with Beta values that make statistically significant (Significant values are less than 
0.05) unique contributions to the equation 
The statistical model and evaluating the model: look in the table labelled Model 
Summary and check the values of R square and Adjusted R Square  
ANOVA: look in the ANOVA table and assess the statistical significance of results. 
If significance is less than or equal to 0.05, then the model reaches statistical 
significance. Accept model 
 
Final statistical regression model 
and regression model equation 
 
Chemo-physical and environmental dataset 
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the remaining parameters (conductivity, turbidity, temperature, dissolved oxygen, rainfall, 
and discharge). R Square and Adjusted R Square were 0.67 and 0.61 respectively. 
Discharge, turbidity, temperature, and dissolved oxygen each made a statistically 
significant contribution to explaining the thermotolerant coliforms levels. To develop the 
final model, there was a final rerun with only these four parameters (discharge, turbidity, 
temperature, and dissolved oxygen). Discharge made the strongest contribution (Beta = 
0.50, Sig. 0.000), followed by turbidity (Beta = -0.36, Sig. <0.001), dissolved oxygen (Beta 
= -0.21, Sig. <0.036), and then temperature (Beta = -0.49, Sig. <0.000). R Square and 
Adjusted R Square were 0.66 and 0.63 respectively (Table 4.7). The model reaches 
statistical significance (Sig = 0.000) (Table 4.8). 
 
Table 4.7 Model Summary(b) for storm event 
Model R R Square Adjusted R Square Std. Error of the Estimate 
1 .813(a) .661 .627 .56153 
a  Predictors: (Constant), DO, Discharge, Temperature, Turbidity 
b  Dependent Variable: TTC 
 
Table 4.8 ANOVA(b) for storm event 
Model   Sum of Squares df Mean Square F Sig. 
1 Regression 24.548 4 6.137 19.463 .000(a) 
  Residual 12.612 40 .315   
  Total 37.160 44    
a  Predictors: (Constant), DO, Discharge, Temperature, Turbidity 
b  Dependent Variable: TTC 
 
 The parameters which contributed significantly to the predictive power of the regression 
equation were dissolved oxygen (DO), discharge (Q), turbidity, and temperature. Table 4.9 
displays the correlations between parameters; the unstandardised regression coefficients 
(B) and intercept, the standardised regression coefficients (β), the semipartial correlations 
(sr2), R2, and adjusted R2. R for regression was significantly different from zero.  
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Table 4.9 Standard multiple regression of discharge, dissolved oxygen, temperature, and    
      turbidity on number of thermotolerant coliforms 
Parameter TTC numbers Q DO Temp. Turb.      B     β sr2 (unique) 
Discharge (Q) 0.44     5.02* 0.50 0.20 
DO -0.32 0.05    -0.28* -0.21 0.04 
Temperature -0.36 0.32 0.12   -0.46* -0.49 0.21 
Turbidity 0.55 0.29 -0.21 -0.02  0.01* 0.36 0.11 
          Intercept = 10.86   
Means 3.87 0.18 4.88  14.83  23.54    
Std Deviation 0.92 0.09 0.68 0.98 29.90  R2 = 0.66a 
      Adjusted R2 = 0.63 
       R = 0.81* 
*p < 0.05. aUnique variability = 0.56; shared variability = 0.10. TTC (thermotolerant coliforms), Q (discharge), DO 
(dissolved oxygen), Temp. (temperature), and Turb. (turbidity) 
 
The four independent parameters contributed 0.56 unique variability in combination, and 
another 0.10 in shared variability. Altogether, 66% (63% adjusted) of the variability in 
thermotolerant coliforms numbers was predicted by knowing levels of these four 
independent chemo-physical and environmental parameters, dissolved oxygen (DO), 
discharge (Q), turbidity, and temperature.  
 
These four parameters (dissolved oxygen (DO), discharge (Q), turbidity, and temperature) 
explained 63% of the variance in thermotolerant coliforms levels during the storm event at 
all sampling sites. The percentage of variance explained by the model is the Adjusted R 
Square value since the sample was small (Tabachnick and Fidell, 2007). The coefficient of 
determination, R Square (R2) is the proportion of the variation in the response parameter 
that can be explained by the explanatory parameters. The regression equation is presented 
below. 
 
TTC = 10.86 + 5.02(Q) + 0.01(turbidity) – 0.28(DO) – 0.46(temperature) 
 
For every one unit increase in discharge level, thermotolerant coliforms are expected to 
increase by 5.02 units; turbidity, dissolved oxygen, and temperature held constant, while 
for every one unit increase in turbidity amount, thermotolerant coliforms level is expected 
to increase by 0.01 units. R2 = 63%; 63% variation in thermotolerant coliforms levels is 
explained by (the regression on) discharge, turbidity, dissolved oxygen, and temperature. 
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4.6.2 Presumptive intestinal enterococci multiple regression model as an early 
warning tool 
 
The table of coefficients generated from the initial model, revealed that values of R Square 
and Adjusted R Square were 0.74 and 0.68 respectively. This meant the initial model using 
all the parameters, except redox potential and conductivity, explained 68% of the variance 
in presumptive intestinal enterococci levels. The chemo-physical and environmental 
parameters which made a statistically significant contribution to explaining the variance in 
presumptive intestinal enterococci levels were discharge, temperature, dissolved oxygen, 
and conductivity. The correlation between redox potential and pH was greater than 0.7, 
hence, these two parameters were excluded during the next rerun of the model. Again, 
discharge, temperature, dissolved oxygen, and conductivity were statistically significant. 
Interestingly, the contribution made by turbidity also became a significant. To develop the 
final model, the model was rerun again entering only the five chemo-physical and 
environmental parameters which made statistically significant contribution to explaining 
the variance in presumptive intestinal enterococci levels. The R Square and Adjusted R 
Square were 0.69 and 0.65 respectively. The five parameters (discharge, temperature, 
dissolved oxygen, turbidity, and conductivity) made significant (p-value 0.000, 0.000, and 
0.007, 0.034, and 0.034 respectively) contributions (β = 0.51, β = -0.47, β = -0.26, β = 
0.22, and β = 0.21 respectively). The model reached statistical significance (p-value < 
0.001). The largest single contribution was made by discharge. These five parameters 
explained 65% of the variance in presumptive intestinal enterococci levels. Table 4.10 
displays the correlations between parameters; the unstandardised regression coefficients 
(B) and intercept, the standardised regression coefficients (β), the semipartial correlations 
(sr2), R2, and adjusted R2.  
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Table 4.10 Standard multiple regression of conductivity, discharge, dissolved oxygen,  
        temperature and turbidity on number of presumptive intestinal enterococci 
 
Parameter 
ENT 
numbers 
Cond. Q DO Temp. Turb.  
B 
 
β 
sr2 
(unique) 
Conductivity 0.44      0.002* 0.21 0.04 
Discharge (Q) 0.40 -0.05     5.172* 0.51 0.21 
DO -0.39 -0.21 0.05    -0.360* -0.26 0.06 
Temperature -0.40 -0.27 0.32 0.12   -0.446* -0.47 0.18 
Turbidity 0.49 0.28 0.29 -0.21 -0.02  0.007* 0.22 0.04 
     Intercept = 10.79   
Means 3.80 161.69 0.18 4.88 14.83 23.54    
Std Deviation 0.94 108.12 0.09 0.68 0.99 29.90  R2 = 0.69a 
       Adjusted R2 = 0.65 
        R = 0.83* 
*p < 0.05. aUnique variability = 0.53; shared variability = 0.16. ENT (presumptive intestinal enterococci), Q (discharge), 
DO (dissolved oxygen), Temp. (temperature), Turb. (turbidity), and Cond. (conductivity) 
 
R for regression was significantly different from zero, F(5, 39) = 17.58, p < 0.001, with R2 
at 0.69. The adjusted R2 value of 0.65 indicates that more than two thirds of the variability 
in presumptive intestinal enterococci numbers can be predicted by discharge, temperature, 
dissolved oxygen, turbidity, and conductivity. The five independent parameters in 
combination contributed another 0.16 in shared variability. Altogether, 69% (65% 
adjusted) of the variability in presumptive intestinal enterococci levels was predicted by 
knowing levels of discharge, temperature, dissolved oxygen, turbidity, and conductivity. 
The regression equation is presented below: 
 
Presumptive intestinal enterococci = 10.79 + 0.002(Cond.) + 5.172(Q) + 0.007(turb.) – 
0.360(DO) - 0.446(temp.) 
 
For every one unit increase in discharge level, presumptive intestinal enterococci level is 
expected to increase by 5.172 units; all other four parameters held constant, while for every 
one unit increase in temperature, presumptive intestinal enterococci level is expected to 
decrease by 0.446 units.  
 
The multiple regression analysis resulted in predictive thermotolerant coliforms and 
presumptive intestinal enterococci models, in which the predictive chemo-physical and 
environmental parameters in the models explained 63% (R2 = 0.63) and 65% (R2 = 0.65) of 
the variation in thermotolerant coliforms and presumptive intestinal enterococci levels 
respectively. Interestingly, both models contain parameters related to the dispersion of 
faecal contamination (discharge and turbidity) (Van der Wielen et al., 2009). In addition, 
the presumptive intestinal enterococci model contains conductivity. The multiple 
regression model for thermotolerant coliforms contained four predictive parameters: 
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discharge, turbidity, temperature, and dissolved oxygen. The model for presumptive 
intestinal enterococci consisted of five predictive parameters: conductivity, discharge, 
turbidity, temperature, and dissolved oxygen. The R2 values of both models are comparable 
to R2 values of multiple regression thermotolerant coliforms (R2 = 0.667) and presumptive 
intestinal enterococci (R2 = 0.539) models developed by Van der Wielen et al. (2009) using 
similar chemo-physical and environmental parameters.  
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CHAPTER 5 – ASSESSING WATER QUALITY DYNAMICS:  
CATCHMENT MONITORING AND MANAGEMENT  
 
5.1 Introduction 
 
The following chapter describes the results of the 12-month catchment study, used to 
assess the spatial and temporal (seasonal) dynamics of the various chemo-physical and 
microbial parameters of fourteen sampling sites throughout the River Ouse catchment. The 
data generated was analysed using a range of statistical procedures including correlations, 
Mann-Whitney U test, CA, PCA, and regression analysis. Appendix 6 shows the full 
dataset. The results from this chapter are discussed in further detail in Chapter 6. 
 
5.1.1 Rainfall characteristics of the sampling period 
 
The climate of the River Ouse catchment area is typical of southeast England with lower 
rainfall and longer hours of sunshine than the national average (EA, 2008). Annual average 
rainfall ranges from 700 mm per year on the coastal plain to 1000 mm per year on the 
higher ground of the South Downs and High Weald (EA, 2008). Annual average rainfall 
measurements from 1999 to 2008 by the Sussex Ouse Conservation Society (approved by 
the UK Met Office) ranged from 554 mm to 1147 mm (Figure 5.1). The 1147 mm was  
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Figure 5.1 Annual rainfall totals in the River Ouse catchment, southeast England 
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recorded in 2000. The average annual rainfall in 2007 and 2008 was 842 mm and 906 mm 
respectively. Sampling for this study was carried out between September 2007 and 
November 2008 and, therefore, the period was representative for the catchment whose 
annual average rainfall ranges from 700 mm to 1000 mm.   
 
According to Perry (2006), autumn and winter precipitation totals and wet days in 
southeast England have been increasing since the early 1970‟s. Autumn and winter 
precipitation and wet days have increased by about 21-25% and 1.8-2.2% respectively. 
Spring and summer precipitation totals have decreased by 6.5-8.7% whilst spring and 
summer wet days have changed very little (Perry and Hollis, 2005a; 2005b). Precipitation 
is generally low, but from time to time very heavy summer thunderstorms occur (Maraun 
et al., 2008; 2009). Long-term increase in winter precipitation intensity, and similar trends 
have also become evident in spring and (to a lesser extent) autumn (Osborn et al., 2000; 
Maraun et al., 2008). 
 
5.2 Trends in chemo-physical and microbial parameters over the period of study 
 
Understanding the temporal and spatial variations in chemo-physical and microbial water 
quality parameters is essential to manage water quality. Given such variations, a 
monitoring programme that provides a representative and reliable estimate of the quality of 
stream or river water is necessary. The 12-month (long-term) monitoring of water quality 
in the River Ouse catchment during this study was an adequate approach to a better 
assessment of river chemo-physical and microbial parameters dynamics.  
 
As expected, the findings of this study show that there were both temporal and spatial 
variations in the water quality in the River Ouse catchment. These variations, possibly, 
from anthropogenic influences (urban and agricultural activities) and from natural 
environmental processes (rainfall and hydrobiogeochemical processes) acting within the 
River Ouse catchment. Three representative sampling sites (Barcombe Mills, Clapper‟s 
Bridge, and Isfield) are used to demonstrate both the spatial and temporal trends in some 
selected chemo-physical and microbial parameters (temporal variation) over the 12 
months.  Barcombe Mills sampling site was located on the River Ouse (Lower Ouse), 
Clapper‟s Bridge sampling site was located on the Bevern Stream (a tributary of the River 
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Ouse), and Isfield was located on the River Uck (a tributary of the River Ouse), hence, 
they enable the demonstration of chemo-physical and microbial dynamics in the River 
Ouse catchment and two of its sub-catchments. In addition, these sampling sites were 
gauging stations and therefore, good to demonstrate how some selected parameters varied 
with discharge. The discharge presented in Figure 5.2 is the average discharge over the 12 
months period. 
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Figure 5.2 Spatial average discharges during the 12 months of sampling  
 
 Figures 5.3a to 5.3c, 5.4a to 5.4c, and 5.5a to 5.5c show how thermotolerant coliforms, 
presumptive intestinal enterococci, Bacteroides (GB-124), temperature, dissolved oxygen, 
suspended solids, turbidity, nitrate-nitrogen, ammoniacal-nitrogen, and orthophosphate 
changed with discharge over the 12 months period at Barcombe Mills, Clapper‟s Bridge, 
and Isfield sampling sites.  
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Figure 5.3a Temporal variations in traditional FIO, bacteriophages, and discharge at  
          Barcombe Mills sampling site 
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Figure 5.4a Temporal variations in traditional FIO, bacteriophages, and discharge at  
          Clapper‟s Bridge sampling site 
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Figure 5.5a Temporal variations in traditional FIO, bacteriophages, and discharge at  
          Isfield sampling site 
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Figure 5.3b Temporal variations in chemo-physical parameters and discharge at Barcombe   
          Mills sampling site 
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Figure 5.4b Temporal variations in chemo-physical parameters and discharge at Clapper‟s   
          Bridge sampling site 
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Figure 5.5b Temporal variations in chemo-physical parameters and discharge at Isfield   
          sampling site 
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Figure 5.3c Temporal variations in nutrients parameters and discharge at Barcombe Mills   
         sampling site 
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Figure 5.4c Temporal variations in nutrients parameters and discharge at Clapper‟s   
         Bridge sampling site 
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Figure 5.5c Temporal variations in nutrients parameters and discharge at Isfield sampling  
         site 
 
5.3 Temporal variations in water quality parameters 
 
Although dividing the dataset into four seasons to understand the seasonal prevalence of 
parameters might seem to be a simplification of a gradual annual climate change, farm 
practices and rainfall follow seasonal patterns in both temperate and tropical regions. 
Bearing in mind that most of the faecal materials that enter surface streams result from 
farming activities and are transported in runoff from rainfall, many researchers have 
recommended studying seasonal microbial dynamics (Plummer and Long, 2007; Shah et 
al. 2007; Miller et al., 2009; Richardson et al. 2009; Wilkes et al. 2009). Plummer and 
Long (2007), and Shah et al. (2007) both concluded that to fully understand dynamics in 
microbial loadings within a catchment, and to effectively manage key aquatic systems, 
require systematic and extended monitoring programmes to collect and analyse samples 
each season, and under different meteorological conditions. Richardson et al. (2009) 
concluded that strategies for mitigation of risk should concentrate on simple risk 
assessments based on focused seasonal testing whilst Wilkes et al. (2009) concluded that 
some seasonal differences in the potential indicator bacteria and hydrological indices 
reflect when and where pathogens will occur in surface waters.  
 
To establish whether the parameters were influenced by seasonal dynamics, the dataset 
was divided into four seasons: autumn (September to November), spring (March to May), 
summer (June to August), and winter (December to February) (Table 5.1). Some seasonal 
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variations were observed during the one year sampling period. Thermotolerant coliforms 
levels exhibited some seasonality with higher levels occurring in summer (5.61 log cfu/100 
ml). Three, four, and two extreme values were recorded in autumn and summer, spring, 
and winter respectively (Figure 5.6). Point sources are relatively more important in 
summer, except when there are summer rainstorms. These results are supported by those 
reported by Coulliette and Noble (2008) and Kay et al. (2008). Plummer and Long (2007) 
found highest thermotolerant coliforms and intestinal enterococci levels during summer in 
the Wachusett Reservoir catchment located in central Massachusetts, USA. The highest 
levels of Clostridium perfringens, and somatic coliphages were also recorded in spring and 
winter and spring and summer respectively. The highest standard deviation in 
thermotolerant coliforms, Clostridium perfringens, and somatic coliphages occurred in 
summer. The highest standard deviation in presumptive intestinal enterococci levels 
occurred in autumn. The highest levels of phages of Bacteroides (GB-124) were observed 
both in autumn and winter, the maximum value recorded in winter was (3.48 log cfu/100 
ml). The highest standard deviation in phages of Bacteroides (GB-124) levels occurred in 
autumn. The highest levels of Heterotrophic Plate Count (HPC) were encountered in 
autumn while the highest standard deviation was recorded in summer. In this catchment, 
there is generally lower rainfall in summer but a fairly constant flow of treated wastewaters 
throughout the year. Non-point sources are relatively more important in winter. 
 
Dissolved oxygen (DO) showed a pattern related to seasonality, with highest levels and 
little temporal fluctuation during autumn and winter (25.4 and 25.8 mg/l respectively), and 
lowest levels during summer. Gupta et al. (2005) reported a similar trend in DO 
concentration. Suspended solids (SS) and turbidity levels showed highest levels in winter. 
However, a closer look at the boxplots indicated that exceptionally high SS and turbidity 
levels occurred during summer when there was a storm event. The most variation in 
turbidity occurred in spring and the least variation in autumn and summer.  
 
 
119 
 
 
 
 
Table 5.1 Seasonal levels of pooled data of chemophysical and microbial parameters at the 14 sampling sites 
 Autumn Spring Summer Winter 
Parameter Min Md Max Min Md Max Min Md Max Min Md Max 
Phages of Bacteroides  (GB-124) (logpfu/100 ml) 0.00 2.30 3.40 0.00 2.00 3.15 0.00 0.00 0.00 0.00 2.30 3.48 
Clostridium perfringens (logcfu/100 ml) 0.00 0.00 3.40 0.00 2.18 3.70 0.00 2.18 3.59 0.00 0.90 3.76 
Thermotolerant coliforms (logcfu/100 ml) 0.00 2.90 4.53 1.60 2.78 5.48 2.00 3.10 5.61 2.00 3.06 5.02 
HPC (logcfu/100 ml) 5.00 6.00 7.61 4.88 5.98 6.78 0.00 5.48 6.72 4.70 5.98 6.78 
Presumptive Intestinal enterococci (logcfu/100 ml) 0.00 2.92 4.80 0.00 2.54 5.37 2.00 2.90 5.33 1.20 2.70 4.90 
Somatic coliphages(logpfu/100 ml)  0.00 3.74 4.78 0.00 3.71 4.95 2.00 3.79 4.90 0.00 3.79 4.64 
Dissolved oxygen (mg/l) 3.39 12.30 29.51 2.00 19.05 24.55 2.00 6.61 9.77 10.72 19.95 26.30 
Conductivity  (µS/cm3) 23.99 67.61 407.38 19.95 60.26 562.34 36.31 141.25 501.19 33.88 91.20 204.17 
pH 6.76 4.90 8.51 7.41 7.76 8.51 7.41 7.76 8.32 0.88 7.76 8.32 
Redox potential (Mv) 89.13 151.36 263.03 123.03 177.83 234.42 91.20 147.91 173.78 93.32 131.83 177.83 
Suspended solids  (mg/l) 1.00 10.96 0.19 1.00 15.85 52.48 1.00 14.13 131.83 3.02 16.98 199.53 
Temperature (°C) 4.79 13.18 17.38 6.92 10.23 16.60 12.59 15.85 18.62 3.09 6.92 14.79 
Turbidity (NTU) 1.58 6.03 36.31 1.45 9.77 107.15 1.86 7.24 147.91 2.24 19.05 165.96 
NH3-N (mg/l) 1.00 1.05 2.69 1.00 1.12 8.91 1.00 1.07 14.13 1.00 1.15 12.88 
NO3-N (mg/l) 0.10 2.00 13.18 0.20 1.70 10.23 8.91 1.00 9.33 0.10 1.42 10.72 
PO4-P (mg/l) 0.13 2.04 24.55 0.21 1.10 7.59 0.14 1.95 21.88 0.10 1.07 26.30 
Min = Minimum,  Md = Median,  Max = Maximum  
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Figure 5.6 Boxplot of pooled data showing thermotolerant coliforms levels  
       with respect to season in the River Ouse catchment 
 
Concentrations of NH3-N, NO3-N, and PO4-P were generally very low compared to EU 
standards (for example, the EU standard for NO3-N is 50 mg/l (EU, 1998)) and to values 
reported by some authors. Holloway and Dahlgren (2001) reported similar results in their 
seasonal variations in solute chemistry for four Sierra Nevada, (USA) catchments. The 
highest levels of ammoniacal-nitrogen were recorded in winter and summer. The greatest 
fluctuation also occurred in winter. For nitrate-nitrogen, the highest concentrations were 
seen in autumn while the most and least variations in nitrate-nitrogen concentrations 
occurred in summer and winter respectively. NO3-N concentrations were generally higher 
during autumn and lower during summer. Similar results were reported by Neal and 
Robson (2000), Gray (2007) and Neal et al. (2008). Minimum concentrations of NO3-N 
during summer were also reported by Jarvie et al. (2008). The highest median and 
maximum orthophosphate concentrations were observed during autumn and winter 
respectively, whereas the greatest variation in orthophosphate concentration occurred in 
autumn. Davie (2008) studied seasonal nitrate levels in south-east England and reported 
results similar to those reported in this study. He observed low nitrate levels in summer and 
distinct peaks in the autumn to spring period. Stutter et al. (2008) in their study of a 
catchment in north-east Scotland reported highest PO4-P concentrations in the period 
August to October. 
   Season 
Winter Summer Spring Autumn 
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 6.00 
5.00 
4.00 
3.00 
2.00 
1.00 
0.00 88 
266 
182 252 
245 87 
94 
92 
167 
168 
347 
350 
349 
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5.4 Correlations between measured water quality parameters: Pooled data  
 
Spearman‟s rank correlation coefficient was used to investigate whether there were any 
meaningful significant correlations between chemo-physical and microbial water quality 
parameters (Mons et al., 2009). The objective was to determine whether there were any 
rapid and low-cost chemo-physical surrogates that when monitored could give a prediction 
of FIO levels in water, and to find out whether one parameter influences the other or an 
additional parameter influences both (Pallant, 2005). It was found that there were 
meaningful correlations between the parameters as shown by the results from the 
Spearman‟s rank correlation coefficient (Table 5.2).  
 
In determining the strength of the correlation (r), the guidelines suggested by Cohen (1988) 
were used: r = 0.10 to 0.29 or r = -0.10 to -0.29 (small); r = 0.30 to 0.49 or r = -0.30 to  
-0.49 (medium); and r = 0.50 to 1.0 or r = -0.50 to -1.0 (large). According to the data, there 
were large correlations between somatic coliphages and orthophosphate (PO4-P) (r = 0.64, 
n = 350, p < .001); temperature and dissolved oxygen (r = -0.80, n = 350, p < .001); and 
suspended solids (SS) and turbidity (r = 0.62, n = 350, p < .001). Moderate positive 
relationships were observed between somatic coliphages, thermotolerant coliforms 
 (r = 0.50), Clostridium perfringens (r = 0.46), presumptive intestinal enterococci (0.40), 
turbidity (r = 0.30), ammoniacal-nitrogen (NH3-N) (r = 0.44), and nitrate-nitrogen (NO3-N) 
(r = 0.31); HPC, thermotolerant coliforms (r = 0.43), and NH3-N (r = 0.43); NH3-N, 
turbidity (r = 0.46), thermotolerant coliforms (r = 0.46), NO3-N (r = 0.38), and Clostridium 
perfringens (r = 0.34); thermotolerant coliforms, turbidity (r = 0.43), and Clostridium 
perfringens (r = 0.47); and moderate inverse correlations were recorded between 
conductivity, phages of Bacteroides (GB-124) (r = -0.32) and NO3-N (r = -0.32). Gupta et 
al. (2005) reported a negative and a moderate positive correlation between DO and 
temperature, and turbidity and SS respectively.  
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Table 5.2 Significant Spearman rank correlations between chemo-physical and microbial water quality parameters for pooled one   
      year data 
Parameter Presumptive ENT SoC Bacteroides HPC NH3-N DO Cond Redox Turb pH SS TTC 
Presumptive intestinal enterococci 1.00            
Somatic coliphages .402** 1.000           
Phages of Bacteroides (GB-124)   1.000          
HPC    1.000         
NH3-N  .441**  .429 1.000        
Dissolved oxygen      1.000       
Conductivity   -.316**    1.000      
Redox potential        1.000     
Turbidity  .304**   .464**    1.000    
pH          1.000   
Suspended solids         .621**  1.000  
Thermotolerant coliforms  .499**  .429** .457**    .432**   1.000 
NO3-N  .312**   .383**  -.322**      
PO4-P  .636**           
Temperature      -.803**       
Clostridium perfringens .464** .496**   .341**       .469** 
 
**Correlation is significant at the 0.01 level (2-tailed). ENT = Intestinal enterococci; SoC = Somatic coliphages; Bacteroides = Phages of Bacteroides (GB-124); HPC = heterotrophic plate 
count; NH3-N = Ammoniacal nitrogen; DO = Dissolved oxygen; Cond = Conductivity; Redox = Redox potential; Turb = Turbidity; SS = Suspended solids; TTC = Thermotolerant coliforms; 
NO3-N = Nitrate-nitrogen; PO4-P = Orthophosphate; and Temp = Temperature  
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5.4.1 Seasonal prevalence of chemo-physical and microbial water quality parameters 
 
During the 12-month sampling campaign, it was observed that certain parameters varied 
with respect to the time of the year. Therefore, knowledge of the prevalence of the various 
parameters during each season could be used to reduce the number of parameters analysed 
at a particular time of the year. This could represent significant cost savings for future 
proposed sampling campaigns. To investigate and identify any principal parameters that 
influenced water quality more than others at a particular time of the year, PCA was applied 
to the dataset following the grouping of the data into four seasons: autumn, spring, 
summer, and winter. Appendix 7 demonstrates the annual (seasonal) correlation matrix of 
the water quality parameters obtained from the PCA. Considering only the medium 
(positive and negative) and large (positive and negative) correlations recorded for the 
entire dataset (Table 5.3), the highest positive correlation was between thermotolerant 
coliforms and presumptive intestinal enterococci (r = 0.89) in summer while the highest 
negative correlation was between DO and temperature (r = -0.80) in spring. This is 
unsurprising given the scientific relationship between temperature and DO. A medium 
positive correlation was observed between Clostridium perfringens and NO3-N (r = 0.50) 
in spring while a medium inverse correlation was observed between DO and SS (r = -0.50) 
in spring. 
 
Table 5.3 Rotated factor correlation coefficients for each season 
 Autumn Spring Summer Winter 
Parameter PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 
 
Conductivity 
Dissolved oxygen 
Phages of Bacteroides (GB-124) 
Presumptive intestinal enterococci 
Temperature 
Redox potential 
NO3-N (Nitrate-nitrogen) 
Clostridium perfringens 
HPC (Heterotrophic plate count) 
Suspended solids 
Somatic coliphages 
Thermotolerant coliforms 
NH3-N (Ammoniacal-nitrogen) 
PO4-P (Orthophosphate) 
Turbidity 
pH 
 
-.823 
.816 
.808 
-.775 
-.694 
.693 
.604 
-.489 
.477 
 
 
 
 
 
 
 
.498 
.481 
.423 
 
.776 
.726 
.713 
.680 
.542 
-.452 
 
-.383 
 
 
.834 
 
.415 
.592 
.726 
.654 
.741 
.553 
.816 
.605 
 
.847 
-.707 
 
.350 
-.696 
.521 
 
.735 
-.579 
 
 
 
 
 
 
.503 
.688 
 
 
.487 
 
 
.819 
 
 
.371 
.624 
.409 
.615 
.726 
.870 
.758 
.556 
.832 
-.355 
 
-.388 
-.668 
.480 
 
.830 
-.709 
 
 
.676 
 
 
-.358 
.321 
.841 
 
 
 
.537 
.534 
.433 
.755 
.889 
.658 
.531 
.451 
-.411 
 
 
-.650 
-.438 
 
.835 
-.823 
 
-.328 
.567 
.637 
 
 
 
 
.472 
 
 
In spring, medium and large correlations were also recorded between; thermotolerant 
coliforms, turbidity, Clostridium perfringens, NH3-N, and conductivity, NO3-N, somatic 
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coliphages (r = 0.63, 0.58, 0.57, 0.55, 0.53, 0.51 and 0.50 respectively); presumptive 
intestinal enterococci, turbidity, pH (r = 0.69, -0.51 respectively); somatic coliphages and 
PO4-P (r = 0.64); dissolved oxygen, suspended solids, and temperature (r = -0.80 and  
-0.50); conductivity and pH (r = 0.57); turbidity, pH, and suspended solids (-0.61 and 0.72 
respectively); and Clostridium perfringens, NO3-N, and turbidity (r = 0.50 and 0.53 
respectively).  
 
During summer, medium and large positive correlations were observed between 
thermotolerant coliforms, NH3-N (r = 0.62), conductivity (r = 0.54), and turbidity (r = 
0.66); between presumptive intestinal enterococci, NH3-N (r = 0.63), turbidity (r = 0.64); 
between somatic coliphages, turbidity (r = 0.63), and PO4-P (r = 0.62); between 
temperature, HPC, and redox potential (r = 0.51 and -0.57 respectively); and between 
turbidity, NH3-N, and SS (r = 0.60 and 0.51 respectively). There were slight positive 
increases in correlations between thermotolerant coliforms, NH3-N (r = (0.62), and 
turbidity (r = 0.66) compared with spring.  
 
In winter, large and positive correlations were found between thermotolerant coliforms and 
NH3-N (r = 0.54); between presumptive intestinal enterococci and NH3-N (r = 0.58); 
between somatic coliphages and PO4-P (r = 0.56); between dissolved oxygen, HPC  
(r = -0.51), and NH3-N (r = -0.54); between suspended solids and turbidity (r = 0.79); and 
between HPC and temperature (r = -0.67). The correlation between suspended solids and 
turbidity was very strong (r = 0.79). 
 
During autumn, presumptive intestinal enterococci correlated positively with conductivity 
(r = 0.63) and temperature (r = 0.56), and negatively with dissolved oxygen (r = -0.63). 
Phages of Bacteroides (GB-124) correlated positively with dissolved oxygen (r = 0.64) and 
redox potential (r = 0.52) while correlating inversely with conductivity (r = -0.69). There 
was a positive correlation between somatic coliphages and PO4-P (r = 0.70). HPC had a 
positive correlation with redox potential (r = 0.55); conductivity had inverse correlations 
with dissolved oxygen (r = -0.65) and NO3-N (r = -0.51); and as expected, dissolved 
oxygen had a negative correlation with temperature (r = -0.62). Autumn had the lowest and 
least number of correlations of the four seasons, possibly due to wider variation in rainfall 
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levels. For all the seasons, somatic coliphages correlated positively with PO4-P and they 
appear to offer additional information about faecal contaminants.  
 
As shown in Table 5.3, two principal components (PCs) were retained in each season to 
use for further analysis. These two PCs explained 49.2%, 51.9%, 47.8%, and 47.0% of the 
variance present in the original dataset, for autumn, spring, summer, and winter 
respectively. The two PCs in autumn, suggested that humans and/or wastewater were the 
main sources of microbial contamination. In spring, the main source of microbial 
contamination originated from wastewater and possibly from in-channel stores as revealed 
by high thermotolerant coliforms, presumptive intestinal enterococci, suspended solids, 
and turbidity correlation coefficients. In summer, agricultural runoff was most, probably, 
the main microbial source as suggested by the high correlation coefficients of presumptive 
intestinal enterococci, thermotolerant coliforms, ammoniacal-nitrogen, and turbidity. In 
winter, the main source of microbial contamination seemed to be wastewater.  
 
Ouyang et al. (2006) assessed seasonal variations in surface water quality using PCA. 
They reported that seasonal component loadings for the sixteen chemo-physical parameters 
used in their study were 56.8% and 26.8% (spring), and 55.6% and 20.7% (summer), 
respectively for PC1 and PC2, and 54.2% (autumn) and 52.5% (winter) for PC1. Vega et 
al. (1998) assessed the influence that pollution and seasonality have on the quality of river 
water by exploratory data analysis, and reported that the overall component loadings for 
twenty two parameters used in their study was 53.9% for PC1 and PC2. These values were 
quite similar to those reported in this study.  
 
Based on the PCA results, thermotolerant coliforms and/or presumptive intestinal 
enterococci, and phages of Bacteroides (GB-124) should be monitored all-year round in 
this river catchment.  
 
5.5 Identification of principal sampling sites  
 
The identification of principal sampling sites approach was used as a screening tool, to 
separate out those sampling sites that provided the most information about the annual 
variation in the dataset.  During the study it was realised that some of the sampling sites 
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did not reveal much of the chemo-physical and microbial water quality variations. 
Therefore, to identify the sampling sites that revealed the highest microbial and chemo-
physical water quality variations (principal sampling sites), a PCA was employed 
(Appendix 8). In this study, the results of the PCA showed that PC1 (Barcombe Mills, 
Sheffield Park, Spatham Lane) contributed 35.1% of the total variance, PC2 (Ditchling, 
Lindfield, Longford) contributed 34.6% of the total variance, and PC3 (Wales Farm) 
accounted for 29.8% of the total variance in the dataset. These three components together 
accounted for 99.6% of the total variance. 
 
To select the principal sampling sites, a component correlation coefficient was considered 
significant if it was greater than 0.65 (65%) (Ouyang, 2005). If a sampling site had at least 
one component correlation coefficient ≥ 0.65, it was selected as a principal sampling site. 
Based on the PCA results, sampling sites Barcombe Mills, Sheffield Park, Spatham Lane, 
Ditchling, Lindfield, Longford, and Wales Farm were identified as being most important in 
terms of their ability to explain the annual variance of the dataset, thus, they were the 
selected principal sampling sites (Appendix 8). 
 
5.6 Statistical tests: Kruskal-Wallis and Mann-Whitney U tests  
 
To ascertain whether the spatial variation observed in chemo-physical and microbial 
parameters amongst the sampling sites during the study was statistically significant, a 
Kruskal-Wallis Test was applied to the dataset. The test revealed those parameters that 
were responsible for the spatial variation observed at each of the sampling sites as follows: 
conductivity, turbidity, pH, NH3-N, NO3-N, PO4-P, presumptive intestinal enterococci, 
somatic coliphages, phages of Bacteroides (GB-124), thermotolerant coliforms, and spores 
of Clostridium perfringens. The significance level was less than 0.001 which was less than 
0.05; hence there were statistically significant differences in the above-mentioned 
parameters across the fourteen sampling sites. See Appendix 9 for the Kruskal –Wallis 
Test output.  
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5.6.1 Longitudinal spatial assessment of chemo-physical and microbial parameters 
 
Though results obtained for the Kruskal-Wallis Test showed that sampling sites were 
statistically significantly different from one another, to find out whether there was a 
downstream cumulative effect on chemo-physical concentrations and microbial levels, a 
further attempt was made to find out whether there were any significant statistical 
differences between pairs of upstream and downstream sampling sites (longitudinal spatial 
variation). In order to achieve this, Mann-Whitney U tests were carried out between pairs 
of sampling sites.  
 
The Mann-Whitney U test revealed significant differences in NH3-N, NO3-N, and turbidity 
concentrations between Streat Lane and Clapper‟s Bridge. The results showed that 
Clapper‟s Bridge recorded significantly higher concentrations of NH3-N, NO3-N, and 
turbidity compared with Streat Lane. Therefore, Clapper‟s Bridge that is downstream of 
Streat Lane seemed more polluted than Streat Lane. Edwards and Withers (2008) reported 
similar findings; NO3-N increases downstream. The Mann-Whitney U test between 
Goldbridge (Middle Ouse) and Barcombe Mills (Lower Ouse) showed that there were 
statistically significant differences in levels of presumptive intestinal enterococci, somatic 
coliphages, HPC, thermotolerant coliforms, conductivity, and pH. Intestinal enterococci, 
somatic coliphages, HPC, and thermotolerant coliforms levels were higher at Goldbridge 
while conductivity and pH levels were significantly higher at Barcombe Mills (Table 5.4). 
Again, the microbial parameters were generally lower downstream while the chemo-
physical parameters were higher downstream. This pattern of chemo-physical parameters 
increasing downstream was reported by Neal et al. (2008) with regards to pH.  
 
Table 5.4 Mann-Whitney U test between Barcombe Mills and Goldbridge 
  Presumptive Ent 
(logcfu/100 ml) 
SoC 
(logpfu/100 ml) 
TTC 
(logcfu/100 ml) 
HPC 
(logcfu/100 ml) 
Cond 
(μS) 
pH 
Mann-Whitney U 202 162 132 211.5 196.5 182 
*Z value -2.15 -2.92 -3.51 -1.96 -2.25 -2.55 
P value .031 .003 .000 .050 .024 .011 
n 25 25 24 25 25 25 
 
Median 
Barcombe 2.54 3.72 2.60 5.59 100.00 7.90 
Goldbridge 2.80 3.90 3.11 5.93 47.86 7.80 
*Z value is the value for a Z-approximation test which includes a correction for ties in the data. TTC (Thermotolerant 
coliforms); Ent (intestinal enterococci); SoC (Somatic coliphages); HPC (Heterotrophic plate count); and Cond 
(Conductivity)  
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Similar results showing lower microbial levels and higher chemo-physical levels 
downstream were also observed between Sheffield Park and Barcombe Mills. However, 
when comparing parameter levels between Lindfield (upstream) and Scaynes Hill 
(downstream) (Table 5.5), it was observed that all the microbial and chemo-physical 
parameters that were statistically significantly higher occurred at Scaynes Hill. This was 
unsurprising given that the Scaynes Hill site receives significant inputs of wastewater 
effluents from Scaynes Hill WWTW (population equivalent, 37,327).  
 
Table 5.5 Mann-Whitney U test between Lindfield and Scaynes Hill 
  C. perfringens 
(logcfu/100 ml) 
SoC 
(logpfu/100 ml) 
TTC 
(logcfu/100 ml) 
NH3-N 
(mg/l) 
PO4-P 
(mg/l) 
Mann-Whitney U 82.50 32 135.50 113.5 49.0 
Z value -4.68 -5.45 -3.33 -3.87 -5.11 
P value .000 .000 .001 .000 .000 
n 25 25 24 25 25 
 
Median 
Lindfield 0.00 3.08 2.60 1.05 0.59 
Scaynes Hill 2.30 3.88 3.08 1.15 1.48 
*Z value is the value for a Z-approximation test which includes a correction for ties in the data. TTC (Thermotolerant 
coliforms) and SoC (Somatic coliphages).  
 
5.7 Cluster analysis (CA) of sampling sites 
 
Sampling multiple sites to determine water quality is both time consuming and expensive. 
Therefore, if the number of sampling sites could be reduced without affecting the quality 
of the results obtained, then there will be associated saving on cost. This necessitates 
establishing representative (“sentinel”) sampling sites which could be used to indicate 
water quality for sub-sections of the catchment based on similarity. This was carried out 
using cluster analysis. Ward‟s method of linkage with squared Euclidean distance as a 
measure of similarity was applied to the dataset following z-scoring (z-transformation or 
standardisation). Ward‟s method was selected because it possesses a small space distorting 
effect (known to give quite meaningful clusters), uses more information on cluster contents 
than other methods, and has been shown to be one of the most powerful grouping 
mechanisms (Willet, 1987); added to this, the method yielded the most convincing clusters 
in this particular study in that it rightly singled out the Wales Farm site as a cluster and 
Ditchling site as a cluster, which were the most and least polluted respectively.  
 
Six clusters were formed (Figure 5.7): Cluster C1 (sampling sites 1 and 2) corresponded to 
Barcombe Mills and Clapper‟s Bridge on the River Ouse and Bevern stream respectively, 
C2 (sampling site 7) corresponded to Longford on the Longford stream, C3 (sampling sites 
129 
 
4-6, 8-10) corresponded to Goldbridge, Isfield, Lindfield, Plumpton, Scaynes Hill, and 
Sheffield Park (apart from Plumpton which is on the Plumpton stream and Isfield on the 
river Uck, the remaining sampling sites were on the river Ouse), C4 (sampling site 3) 
corresponded to Ditchling on the Ditchling spring, C5 (sampling sites 11-13) corresponded 
to Spatham Lane, Streat Lane, and Swansyard Farm and all were located on the Bevern 
stream, and C6 (sampling sites 14) corresponded to Wales Farm on the Wales Farm 
stream. 
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Figure 5.7 Dendrogram showing the cluster analysis for each sampling site  
 
The parameters that characterised each cluster are shown in Appendix 10. C1 was 
characterised by high levels of phages of Bacteroides (GB-124) and turbidity, C2 was 
characterised by high concentrations of dissolved oxygen, pH, and temperature (chemo-
physical parameters), C3 was low in all the parameters, C4 was high in redox potential 
(chemical parameter), C5 was high in PO4-P (nutrient), and C6 was high in thermotolerant 
coliforms, presumptive intestinal enterococci, somatic coliphages, HPC, spores of 
Clostridium perfringens (all microbial parameters with the exception of phages of 
Bacteroides (GB-124)), NH3-N, NO3-N (organic nutrients), and SS and temperature 
(physical parameters). 
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5.8 Classification of water quality in the river Ouse catchment 
 
The sampling sites were classified based on a system of five water microbiological water 
quality categories (relating to levels of thermotolerant coliforms and presumptive intestinal 
enterococci) devised by Kavka et al. (2006). Faecal pollution levels of quality class I and II 
meet the good bathing water standards (in accordance with the EU Bathing Water 
Directive), but quality classes III, IV, and V, exceed the faecal pollution threshold level for 
good bathing water quality (Table 5.6). According to the classification, Class I and II are 
termed low and moderate pollution respectively whilst Classes III, IV, and V are termed 
critical, strong and excessive respectively. The data were annual log10 median of pooled 
results from each site. 
 
Table 5.6 Faecal indicator bacteria based classification system of water quality according    
      to faecal pollution 
 
Classification of faecal pollution 
Class 
I II III IV V 
Parameter Faecal pollution low moderate critical strong Excessive 
 
Thermotolerant coliforms 
 
Log cfu/100 mL 
 
≤ 2.0 
 
> 2.0 - 3.0 
 
> 3.0 - 4.0 
 
> 4.0 - 5.0 
 
> 5.0 
 
Presumptive intestinal 
enterococci 
 
Log cfu/100 mL 
 
≤ 1.6 
 
> 1.6 - 2.6 
 
> 2.6 - 3.6 
 
> 3.6 - 4.6 
 
> 4.6 
Adapted from Kavka et al. (2006). Faecal indicator levels are in annual log median colony forming units (cfu) per 100 ml 
 
According to this categorisation, median thermotolerant coliforms levels ranged from 2.40 
to 4.20 log cfu/100 ml. Moderate pollution was found in 50% of the 14 sampling sites 
(Barcombe Mills, Ditchling, Isfield, Lindfield, Longford, Sheffield Park, and Streat Lane). 
Critical pollution was observed in 42.9% of the 14 sampling sites, Clapper‟s Bridge, 
Goldbridge, Plumpton, Scaynes Hill, Spatham Lane, and Swansyard Farm whilst 7.1% of 
the 14 sampling sites (Wales Farm) showed strong pollution.  
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Presumptive intestinal enterococci median values ranged from 2.18 to 4.18 log cfu/100 ml. 
Moderate pollution was found in 29% (Barcombe Mills, Ditchling, Isfield, and Longford) 
of all the sampling sites. 64% (Clapper‟s Bridge, Goldbridge, Lindfield, Plumpton, 
Sheffield Park, Scaynes Hill, Spatham Lane, Streat Lane, and Swansyard Farm) of all 
sampling sites showed critical pollution. Seven percent of the sampling sites (Wales Farm) 
were classified as having strong (Class IV) pollution level. At Wales Farm, during the 
storm event study, 67% and 27% of samples had strong and excessive pollution 
respectively with regards to thermotolerant coliforms whilst 40% and 60% of samples had 
strong and excessive pollution respectively with regards to presumptive intestinal 
enterococci. Thirty percent and 40% of samples had strong pollution during high- and low-
flow conditions respectively with regards to thermotolerant coliforms whilst 40% and 60% 
had strong pollution during high- and low-flow conditions respectively with regards to 
presumptive intestinal enterococci at Wales Farm. 
 
5.9 Human-specific QMST in the river Ouse catchment 
 
Bacteroides specific to human faeces have gained recognition for the detection of human 
faecal pollution in surface waters. Several studies (for example, Payan et al., 2005; Ebdon 
et al., 2007; Reischer et al., 2009) have reported high specificities of human-specific 
Bacteroides and concluded, that they may be suitable for identifying human sources of 
faecal contamination in surface waters. Human-specific Bacteroides and host-specific 
Bacteroides markers have been widely used for MST field studies in countries such as 
Australia (Ahmed et al., 2008; 2009), Austria (Reischer et al., 2007), Belgium (Seurinck et 
al., 2005), France (Gourmelon et al., 2007), Japan (Okabe et al., 2007), Kenya (Jenkins et 
al., 2009), United Kingdom (Ebdon et al., 2007), and USA (Bernhard et al., 2003). 
 
Recent research suggested that bacteriophages infecting Bacteroides are a potential tool for 
faecal source tracking, though host strains may be geographical area-specific. A study by 
Ebdon et al. (2007), suggested that the recently identified strain of phages of Bacteroides 
(GB-124) appears to be specific to human faeces, and as such, it may represent an effective 
and low-cost method of faecal source identification. This study used these recently 
identified phages of Bacteroides (GB-124) to detect human sources of faecal 
contamination in the River Ouse catchment.  
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5.9.1 Human faecal contamination tracking using phages of Bacteroides (GB-124) 
 
A total of 350 river water samples were obtained over a 12-month period. Bacteriophages 
capable of infecting (GB-124) were present in 68% of all the river water samples, and not 
present in only 32% (Figure 5.8).  
 
   
Phages of 
Bacteroides  not 
detected
32%
Phages of 
Bacteroides 
detected
68%
 
Figure 5.8 Percentage identification of human faeces-specific phages of Bacteroides  
                  (GB-124) in river water samples  
 
 
Of the fourteen sampling sites, twelve registered at least 60% detection and enumeration of 
phages of Bacteroides (GB-124), whilst the remaining two (Ditchling and Wales Farm) 
registered just 48% and 28% respectively of detection and enumeration of phages of 
Bacteroides (GB-124) (Table 5.7).  
 
Table 5.7 Percentage detection of human faeces-specific phages of Bacteroides (GB-124)    
     at each of the fourteen sampling sites  
 
 
 
Sampling site 
 
Number of 
samples 
(n) 
Percentage of samples phages of 
Bacteroides (GB-124) were 
detected and enumerated 
                      (%) 
Percentage of samples phages of 
Bacteroides (GB-124) were not 
detected and enumerated 
                      (%) 
Barcombe Mills         25                        88                         12 
Clapper‟s Bridge         25                        76                         24 
Ditchling         25                        48                         52 
Goldbridge         25                        72                         28 
Isfield         25                        72                         28 
Lindfield         25                        60                         40 
Longford         25                        60                         40 
Plumpton         25                        68                         32 
Scaynes Hill         25                        80                         20 
Sheffield Park         25                        76                         24 
Spatham Lane         25                        76                         24 
Streat Lane         25                        76                         24 
Swansyard Farm         25                        72                         28 
Wales Farm         25                        28                         72 
 
Phages capable of infecting Bacteroides strain (GB-124) were detected at all the sampling 
sites but seldom at Wales Farm (Median value = 0.00 log pfu/100 ml). Wales Farm was 
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uniquely different from the other thirteen sampling sites as demonstrated by the error bar 
charts (Figure 5.9). Wales Farm error bar did not overlap with those of the other thirteen 
sampling sites, suggesting that they were significantly different from Wales Farm in terms 
of source of faecal contamination. The levels of this human faeces-specific Bacteroides 
were generally low (median value 0.00 – 2.30 log pfu/100 ml) compared with 
thermotolerant coliforms, presumptive intestinal enterococci, spores of Clostridium 
perfringens, and somatic coliphages (Appendix 6). 
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Figure 5.9 Average annual phages of Bacteroides (GB-124) at each of the fourteen    
       sampling sites 
 
The results reported here are in accordance with the findings of other researchers (Jofre et 
al., 1986; Cornax et al., 1990; Armon, 1993; Puig et al., 1999; Ebdon et al., 2007). Though 
the levels were generally low, high levels were encountered in some sampling sites, 
especially those located downstream of WWTW (for example Spatham Lane, Scaynes 
Hill, Sheffield Park with maximum counts of 3.15, 3.40, and 3.48 log pfu/100 ml 
respectively) (Appendix 6). The linear relationship between thermotolerant coliforms and 
phages of Bacteroides (GB-124) was very small (r = 0.05), and not significant. The linear 
relationship between thermotolerant coliforms levels and human-specific marker levels 
gives an indication of whether the dominant source of thermotolerant coliforms occurring 
in a river catchment is agricultural animals, wild animals, wild birds or humans (Reischer 
et al., 2006; Ahmed et al., 2008; Kirschner et al., 2008). If the correlation is large, then it is 
more likely that the dominant source is humans and vice versa. 
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5.9.2 Ratio of phages of Bacteroides (GB-124) to somatic coliphages 
 
A novel approach of comparing phages of Bacteroides (GB-124) with somatic coliphages 
was investigated in this study. Any meaningful and consistent ratios between phages of 
Bacteroides (GB-124) and somatic coliphages may serve as a potential confirmatory test 
for human faecal contamination in surface waters. Two sampling sites were selected based 
on the most likely source of faecal input namely, Wales Farm (non-human input) and 
Spatham Lane (human input). Median counts of phages of Bacteroides (GB-124) and 
somatic coliphages obtained from September 2007 to September 2008 were log10-
transformed and their ratios were calculated (Table 5.8). Where no phages of Bacteroides 
(GB-124) were identified, zero (0) was replaced by one (1) to write out the ratio.  
 
Table 5.8 Ratios of phages of Bacteroides (GB-124) to somatic coliphages at Spatham   
      Lane and Wales Farm sampling sites 
Phages of Bacteroides (GB-124) 
(logpfu/100 ml) 
Somatic coliphages 
(logpfu/100 ml) 
Ratio of phages of Bacteroides (GB-
124) to somatic coliphages 
Spatham Lane Wales Farm Spatham Lane Wales Farm Spatham Lane Wales Farm 
2.5 1.0 4.6 4.3 1:2 1:4 
2.8 1.0 2.9 3.9 1:1 1:4 
2.3 2.0 4.3 4.1 1:2 1:2 
2.0 2.5 4.6 3.4 1:2 1:1 
2.8 2.3 4.7 3.3 1:2 1:1 
2.0 2.0 4.0 4.4 1:2 1:2 
2.5 1.0 4.2 4.5 1:2 1:5 
1.0 1.0 4.2 3.5 1:4 1:4 
2.9 2.6 4.0 4.5 1:1 1:2 
2.5 2.0 4.1 4.6 1:2 1:2 
2.3 2.0 3.2 4.6 1:1 1:2 
2.0 1.0 3.7 3.0 1:2 1:3 
1.0 1.0 3.6 4.5 1:4 1:5 
2.0 1.0 3.9 4.1 1:2 1:4 
3.2 1.0 4.5 2.9 1:1 1:3 
2.0 1.0 4.6 4.1 1:2 1:4 
2.8 1.0 4.8 5.0 1:2 1:5 
1.0 1.0 4.8 4.3 1:5 1:4 
2.0 1.0 4.5 3.4 1:2 1:3 
1.0 1.0 4.6 4.6 1:5 1:5 
1.0 1.0 4.3 4.5 1:4 1:5 
2.0 1.0 4.3 4.9 1:2 1:5 
2.9 1.0 4.6 4.9 1:2 1:5 
1.0 1.0 4.2 4.7 1:4 1:5 
2.0 1.0 4.1 3.7 1:2 1:4 
Meaningful and consistent ratios are in bold 
 
For Spatham Lane, of the nineteen (76%) of the twenty-five samples in which both phages 
of Bacteroides (GB-124) and somatic coliphages were detected, 15 (60%) had a ratio of 
1:2 each and 4 (16%) had a ratio of 1:1 each. Of the 6 (24%) samples in which only 
somatic coliphages were detected, 4 (16%) had a ratio of 1:4 each, whilst the remaining 2 
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(8%) samples had a ratio of 1:5 each. For the Wales Farm, phages of Bacteroides (GB-
124) and somatic coliphages were detected in 7 (28%) of the samples. Two (8%) of the 
seven samples had a ratio of 1:1 each and the remaining 5 (20%) samples had a ratio of 1:2 
each. For the 18 (72%) of samples that were positive for somatic coliphages and negative 
for phages of Bacteroides (GB-124), 7 (28%), 8 (32%), and 3 (12%) had ratios of 1:4, 1:5, 
1:3 respectively.  
 
The findings suggest that in both sampling sites, the meaningful and consistent ratio 
whenever both phages of Bacteroides (GB-124) and somatic coliphages were detected was 
1:2, and that when somatic coliphages were detected in the absence of phages of 
Bacteroides (GB-124) was 1:4 and 1:5.  
 
5.10 Development of dry weather ‘early warning’ tools to predict water quality  
 
Multiple regression is a tool that attempts to predict or determine the dependence of one 
continuous parameter (regressor) based on a set of independent (predictor) parameters. The 
reason for carrying out regression analysis was to develop statistical multiple regression 
models that could predict thermotolerant coliforms and presumptive intestinal enterococci 
levels. These models could serve as real-time water quality monitoring tools, and could be 
used to inform bathers in real-time where within a catchment water quality has 
deteriorated. The predictive multiple regression models were developed using chemo-
physical parameters, which are often easily and cheaply determined. This statistical 
modelling approach seeks to determine which chemo-physical parameters are the best 
predictors, without explicitly characterising the physical processes involved, and 
establishes a mathematical function for the relationships (Mahabir et al., 2006). The first 
task was to find whether the determined chemo-physical parameters were able to predict 
thermotolerant coliforms and presumptive intestinal enterococci levels, and secondly how 
well the chemo-physical parameters were able to predict thermotolerant coliforms and 
presumptive intestinal enterococci levels. Only parameters with a significance value lower 
than 0.05 were considered predictive and were retained in the final regression models. The 
multiple regression provided information about the model as a whole, and the relative 
contribution of each of the parameters that made up the model. The best prediction 
equations were found and are presented herein.  
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5.10.1 Predicting dry weather thermotolerant coliforms levels as part of an ‘early 
warning’ tool 
 
Thermotolerant coliforms (dependent parameter or regressor) were regressed upon 10 
independent (predictor) parameters using the simultaneous (standard) multiple regression 
to find out which parameters were the best predictors of thermotolerant coliforms numbers. 
All the relevant regressors were entered into the equation simultaneously. Analyses were 
performed using SPSS regression and SPSS explore for evaluation of assumptions. 
Thermotolerant coliforms and presumptive intestinal enterococci parameters were log10-
transformed as detailed in Chapter 2. No parameters had missing data. 
 
A preliminary analysis showed that the correlations between temperature and dissolved 
oxygen, and turbidity and suspended solids were greater than 0.7. Dissolved oxygen and 
suspended solids were omitted in the subsequent multiple regression analysis. Temperature 
and turbidity have been known to influence microbial levels more than dissolved oxygen 
and suspended solids. In addition, turbidity is easier to measure than suspended solids. 
According Tabachnick and Fidell (2007) if two independent parameters have a correlation 
greater than 0.7, one of the parameters should be excluded from the regression analysis, or 
a composite parameter should be formed from the scores of the two highly correlated 
parameters.  
 
The results displayed in (Table 5.9) show the correlations between the parameters, the 
unstandardised regression coefficients (B) and intercept, the standardised regression 
coefficients (β), the semipartial correlations (sr2), R2, and adjusted R2. R for regression was 
significantly different from zero, F (6, 335) = 31.55, p < .001, with R2 at 0.37. The adjusted 
R2 value of 0.35 indicated that 35% of the variability in levels of thermotolerant coliforms 
was predicted by ammoniacal-nitrogen, nitrate-nitrogen, pH, temperature, conductivity, 
and turbidity. The six independent parameters in combination contributed another 0.21 in  
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Table 5.9 Standard multiple regression of ammoniacal-nitrogen (NH3-N), nitrate-nitrogen (NO3-N), pH, temperature,  
                 conductivity, and turbidity parameters on levels of thermotolerant coliforms (TTC) 
 
Parameters 
TTC 
(logcfu/100 ml) 
NH3-N 
(mg/l) 
NO3-N 
(mg/l) 
pH Temperature 
(°C) 
Conductivity 
(μS) 
Turbidity 
(NTU) 
 
B 
 
β 
sr2 
(unique) 
NH3-N (mg/l) 0.42       0.14** 0.20 0.03 
NO3-N (mg/l) 0.23 0.11      0.06** 0.13 0.02 
pH -0.29 -0.13 -0.19     -0.52** -0.18 -0.01 
Temperature (°C) 0.11 0.003 -0.13 -0.17    0.02** 0.10 0.01 
Conductivity (μS) 0.17 0.20 -0.14 0.17 0.31    0.001** 0.15 0.02 
Turbidity (NTU) 0.47 0.41 0.23 -0.19 -0.15        -0.03                                      0.02** 0.35 0.09 
                              Intercept = 6.33   
Means 3.04 0.35 1.98 7.83 11.84 111.11 15.92    
Standard Deviation 0.78 1.16 1.80 0.27 3.80 89.72 19.94        R2 = 0.37a 
        Adjusted R2 = 0.35 
               R = 0.61** 
**p<0.05. aUnique variability = 0.16; shared variability = 0.21
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shared variability. Altogether, 37% (35% adjusted) of the variability in counts of 
thermotolerant coliforms was predicted by knowing the levels of these six independent 
parameters. Turbidity made the strongest unique contribution (Table 5.9) to explaining the 
thermotolerant coliforms levels, when the variance explained by the other parameters in 
the model is controlled for. The regression equation is presented below: 
 
TTC = 6.33 + 0.14 NH3-N + 0.06 NO3-N – 0.52 pH + 0.02 temperature + 0.001 
conductivity + 0.02 turbidity  
 
R2 tells how much of the variance in the dependent parameter (thermotolerant coliforms) is 
explained by the model. The adjusted R2 statistic corrects any overestimation of the true R2 
when a small sample is involved. The statistical significance tests the null hypothesis that 
multiple regression in the dataset equals zero (0). The model reaches statistical significance 
(Sig. < 0.001) (Tables 5.10a&b). 
 
Table 5.10a Model summary(b) for thermotolerant coliforms  
Model R R Square Adjusted R Square Std. Error of the Estimate 
1 .604(a) .365 .353 .62687 
a  Predictors: (Constant), Turbidity, Conductivity, pH, NO3-N, Temperature, NH3-N 
b  Dependent Variable: TTC (Thermotolerant coliforms) 
 
 
 Table 5.10b ANOVA(b) for thermotolerant coliforms  
Model   Sum of Squares df Mean Square F Sig. 
1 Regression 74.271 6 12.378 31.500 .000(a) 
  Residual 129.285 329 .393     
  Total 203.556 335       
a  Predictors: (Constant), Turbidity, Conductivity, pH, NO3-N, Temperature, NH3-N 
b  Dependent Variable: TTC (Thermotolerant coliforms) 
 
Standardised and unstandardised coefficients are used in evaluating the contribution made 
by each of the independent parameter and in constructing a regression equation. β was used 
to compare the contribution of each independent parameter and B was used to construct the 
regression equation. The semipartial correlations (sr2) tells how much of the total variance 
in the dependent parameter is uniquely explained by that parameter and how much R2 
would drop if it was not included in the model. 
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5.10.2 Predicting dry weather presumptive intestinal enterococci levels as part of an 
‘early warning’ tool 
 
A preliminary analysis showed that the correlations between dissolved oxygen and 
temperature (0.77), and suspended solids and turbidity (0.83) were greater than 0.7.  
Dissolved oxygen and suspended solids were excluded from the subsequent analysis 
(Tabachnick and Fidell, 2007). The next step was to carry out regression analysis in order 
to predict levels of presumptive intestinal enterococci (dependent parameter) using eight 
chemo-physical (independent predictor) parameters to find out which parameters were the 
best predictors of presumptive intestinal enterococci levels. This was carried out as 
described in the previous section. Five of the eight chemo-physical parameters made 
statistically significant (p < 0.05) contributions to explaining the levels in presumptive 
intestinal enterococci levels. These included NH3-N, temperature, conductivity, turbidity, 
and pH. The largest unique contribution was made by turbidity, followed by conductivity. 
 
Table 5.11 shows the correlations between the parameters, the unstandardised regression 
coefficients (B) and intercept, the standardised regression coefficients (β), the semipartial 
correlations (sr2), R2, and adjusted R2. R for regression was significantly different from 
zero, F (5, 335) = 33.50, p < .001, with R2 at 0.34. The adjusted R2 value of 0.33 indicated 
that 33% of the variability in levels of presumptive intestinal enterococci was predicted by 
NH3-N, temperature, conductivity, turbidity, and pH. R
2 tells how much of the variance in 
the dependent parameter (presumptive intestinal enterococci) is explained by the model. 
The model reaches statistical significance (p < 0.001) (Tables 5.12a&b). 
 
The five chemo-physical parameters in combination contributed another 0.13 in shared 
variability. Altogether, 34% (33% adjusted) of the variability in levels of presumptive 
intestinal enterococci were predicted by knowing levels for these five chemo-physical 
(independent) parameters. The regression equation is presented below: 
 
Presumptive intestinal enterococci = 7.39 + 0.13 NH3-N – 0.72 pH + 0.05 temperature + 
0.002 conductivity + 0.02 turbidity  
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Table 5.11 Standard multiple regression of ammoniacal-nitrogen (NH3-N), temperature, conductivity, turbidity, and pH parameters  
                  on levels of presumptive intestinal enterococci   
 
Parameters 
Presumptive intestinal enterococci (DV) 
(logcfu/100 ml) 
NH3-N 
(mg/l) 
Temperature 
(°C) 
Conductivity 
(μS) 
Turbidity 
(mg/l) 
pH 
 
B β sr2 
(unique) 
NH3-N (mg/l) 0.36      0.13** 0.16 0.02 
Temperature (°C) 0.24 0.003     0.05** 0.19 0.03 
Conductivity (μS) 0.26 0.20 0.31    0.002** 0.23 0.04 
Turbidity (mg/l) 0.38 0.41 -0.15 -0.03   0.02** 0.31 0.08 
pH -0.28 -0.13 -0.17 0.17 -0.19  -0.72** -0.21 -0.04 
     Intercept = 7.39   
Means 2.84 3.50 11.84 111.11 15.92 7.82    
Std Deviation 0.94 1.16 3.80 89.72 19.94 0.27         R2 = 0.34a 
       Adjusted R2 = 0.33 
        R = 0.58** 
      **p < .05. aUnique variability = 0.21; shared variability = 0.13.  
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Table 5.12a Model summary(b) for presumptive intestinal enterococci 
Model R R Square Adjusted R Square Std. Error of the Estimate 
1 .580(a) .337 .327 .76993 
a  Predictors: (Constant), pH, NH3-N, Temperature, Conductivity, Turbidity 
b  Dependent Variable: Presumptive intestinal enterococci 
 
  
Table 5.12b ANOVA(b) for presumptive intestinal enterococci 
Model   Sum of Squares df Mean Square F Sig. 
1 Regression 99.283 5 19.857 33.496 .000(a) 
  Residual 195.624 330 .593   
  Total 294.907 335    
a  Predictors: (Constant), pH, NH3-N, Temperature, Conductivity, Turbidity 
b  Dependent Variable: Presumptive intestinal enterococci 
 
What was significant was that both models contained parameters related to the dispersion 
of the faecal pollution (turbidity, ammoniacal-nitrogen, conductivity, and nitrate-nitrogen). 
The R2 of the regression models was 0.37 (thermotolerant coliforms) and 0.34 
(presumptive intestinal enterococci), meaning that 37% or 34% of the variation in 
thermotolerant coliforms and presumptive intestinal enterococci levels was explained by 
the predictive parameters in the models. Interestingly, these R2 values are not very much 
different from R2 values of multiple regression models that are used as early warning 
systems in the United States (Van der Wielen et al.,   2009). Van der Wielen et al (2009) 
reported similar values for thermotolerant coliforms (68%) and presumptive intestinal 
enterococci (54%) models developed in the Netherlands using conductivity, the average 
flow direction, discharge, and rainfall. 
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CHAPTER 6 – DISCUSSION AND CONCLUSIONS 
 
This chapter is divided into three main sections namely the discussion, conclusions, and 
recommendations. The discussion section is further divided into two, namely the storm 
event dataset and the 12 months pooled dataset (the 12 months pooled dataset excludes the 
storm event dataset) whilst the conclusions and recommendations apply to both datasets 
without any particular order. In this chapter, the implications of the results are laid bare. 
Other researches that corroborate this study are indicated, and where there are differences, 
reasons are advanced for the differences.  
 
6.1 Storm event dataset 
 
Overall, microbial levels were found to be highest during days of greater rainfall intensity 
and increased stream discharge (Q). Thermotolerant coliforms levels increased with 
respect to Q, such that the highest thermotolerant coliforms density was nearly 1.1 logs 
higher than the baseflow Q thermotolerant coliforms levels. It was quite surprising that the 
rainfall on the 5th and 6th of July was not accompanied by an increase in Q. A possible 
reason for this might be that the intensity or amount of rainfall was insufficient to generate 
runoff to drain into the river at the sites tested, since it was the middle of the summer 
period. After two days, the soil saturation point was possibly reached and runoff was 
generated, which caused an increase in the Q. The Q remained high from the 7th to the 13th 
of July before dropping back to baseflow. The time it takes for generation of runoff is a 
function of the amount and intensity of rainfall, slope, vegetation, soil compaction and 
surface compaction (Davie, 2008; Petts and Foster, 1985). 
 
6.1.1 Storm event and microbial dynamics 
 
The results of this storm event study provide some support to the frequently reported 
conclusion that the faecal microbial levels in temperate and tropical streamflow increase 
during storms (Brydon et al., 2009; Wilkes et al., 2009), and that water quality 
deterioration can be induced by rainfall events in a river catchment (Lipp et al., 2001; 
Ackerman and Weisberg, 2003). Rainfall and the subsequent runoff are essential in the 
mobilisation of non-point sources (NPS) (Abaci and Papanicolaou, 2009) of faecal 
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indicator organisms (FIO) and bacteriophages to receiving waters. The microbial 
parameters showed much higher median levels and extreme values in the event samples 
(ES) than non-event samples (NES). Faecal contamination was found to increase with 
respect to rainfall. High rainfall and runoff increase the flow and transport of pollutants 
from non-specific catchment sources, agricultural and urban runoff. Strong positive 
correlations were observed between thermotolerant coliforms, presumptive intestinal 
enterococci, Clostridium perfringens spores, rainfall and Q. These findings are in 
agreement with those reported by other authors (Howard et al., 2003; Coulliette and Noble, 
2008; Kafi et al., 2008, Sinclair et al., 2009; Wilkes et al., 2009). 
 
Coulliette and Noble (2008) noted that after 2.54 cm (1 inch) of rainfall in a catchment in 
eastern north Carolina, USA, there were significantly higher thermotolerant coliforms and 
presumptive intestinal enterococci compared to no rainfall. Ferguson et al. (1996) reported 
that levels of thermotolerant coliforms, spores of Clostridium perfringens, somatic 
coliphages, and presumptive intestinal enterococci, as well as suspended solids and 
turbidity increased after rainfall. Other investigators who reported significant increases in 
bacterial levels during rainfall events include Nagels et al. (2002); Ebdon et al. (2007); 
Stadler et al. (2008). Reischer at al. (2008) observed in their study that microbiological 
parameters showed much higher median levels following rainfall. Following a study of 
faecal contamination of a pastoral catchment in a dairy and dry stock (sheep/beef) farm 
using simulated rain events, Nagel et al. (2002) measured very high levels of faecal 
indicator bacteria (FIB) in water, peaking around 4.1 x 104cfu/100 ml. Microbial levels 
observed during this study increased between 0.5-1.2 log10, and were frequently 
accompanied by extreme values and therefore, high variances. Kistemann et al. (2002) 
observed increases of 1-2 log10 in microbial levels during extreme rainfall and runoff 
events. These increased FIB and bacteriophage levels could have originated from 
mobilisation of catchment surface stores (Kay et al., 2005), subsurface and resuspension of 
river sediments (Thornton et al., 1980; Jenkins et al., 1984; Marino and Gannon, 1991; 
Davies et al., 1995; Wilkinson et al., 1995; Ferguson et al., 1996; Muirhead et al., 2004). 
Further evidence demonstrating the impact of rainfall and runoff is provided by the 
significant relationships between FIB and bacteriophages (phages of Bacteroides GB-124), 
and turbidity and SS; apparently because bacteria behave like fine sediment (Nagels et al., 
2002).  
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Ramos et al. (2006) observed a significant linear relationship between soil loss and runoff, 
and a linear relationship between presumptive thermotolerant coliforms and organic 
sediment. Their study showed that organic matter concentrations associated with sediment 
were generally higher in the first 20 min of their experiment and declined as the simulation 
proceeded. Previous studies have identified sediment as being a significant contributor of 
faecal contamination of the water column (McDonald et al., 1982; Pettibone et al., 1996; 
Crabill et al., 1999). Their study involved the effect of simulated rainfall runoff on erosion, 
and on transport of sediment (and organic matter) and microorganisms on treated and 
untreated soils. Ramos et al. (2006) also found that presumptive thermotolerant coliforms 
levels were always at least one order of magnitude higher than the EU standard (2000/100 
ml) for bathing waters (EU, 2006). Results from a study by Collins et al. (2005) showed 
that between 105 and 108 thermotolerant coliforms per m2 of hillside were delivered to the 
stream in runoff during each event they studied.  
 
The sampling was conducted during summer and it would seem that substantial faecal 
material may have accumulated within the River Ouse catchment during the antecedent 
non-rainy period, and therefore the runoff generated during the rainfall event was highly 
contaminated. The first storms following a dry period are usually able to mobilise the 
available store of material very readily, giving high concentrations, and the subsequent 
decline as the store is progressively exhausted (Obermann et al., 2007). Thus, it may be 
concluded that the bacterial population in these streams was increased significantly due to 
bacteria being washed in from the land. For very short storm duration, short-term pollutant 
sources dominate the overall pollutant emission and pollutant concentration in the runoff 
remains high throughout the storm. For moderately long storm duration, short-term sources 
are depleted before the storm ends; hence, the later part of the storm has lower pollutant 
concentration. If rainfall is extremely prolonged, the amount of pollutant emission from 
long-term sources dominates the total amount of pollutant emission (Kang et al., 2008). 
The decline in bacterial numbers may also be as a result of die-off.  
 
The geomorphic processes, anthropogenic activities, and environmental factors at each of 
the sampling sites would have influenced the microbial levels and chemo-physical 
concentrations. The fact that the increases in thermotolerant coliforms and presumptive 
intestinal enterococci were accompanied by increases in suspended solids and turbidity, 
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may indicate that erosion, overland runoff, and resuspension of sediment were the 
dominant contributors to the increased parameter values. Also, the patterns shown by 
thermotolerant coliforms, presumptive intestinal enterococci, and turbidity suggest that 
turbidity may be a useful tool to quantitatively estimate thermotolerant coliforms and 
presumptive intestinal enterococci levels. Although positive correlations between turbidity 
and thermotolerant coliforms (r = 0.47), and turbidity and presumptive intestinal 
enterococci (r = 0.50) levels were found, only 22% and 25% of the variance (r2 = 0.22 and 
r2 = 0.25 respectively) in thermotolerant coliforms and presumptive intestinal enterococci 
could be explained by turbidity. The strength of these relationships suggests that a turbidity 
model could only be used to predict general levels of thermotolerant coliforms and 
presumptive intestinal enterococci. With some assumptions, it may also be possible to use 
turbidity to anticipate qualitatively possible exceedance of microbiological standards at 
recreational bathing sites and surface drinking water abstraction sites. 
 
Phages of Bacteroides (GB-124) were detected and enumerated at Spatham Lane and 
Clapper‟s Bridge which is impacted by both anthropogenic and non-anthropogenic 
sources, but not at Wales Farm that does not receive known human inputs, but does receive 
a range of agricultural inputs. WWTW effluent from the Wastewater treatment works 
(WWTW) within the catchment flow constantly into the streams, and during heavy rainfall 
this may be added to by large volumes of partially treated wastewater. It is worth noting 
that Spatham Lane is downstream of the Ditchling WWTW, and in summer sewage 
effluent (treated) makes up a significant proportion of the total flow downstream of 
Ditchling WWTW.  
 
In all cases, and at all the three sampling sites, the levels of somatic coliphages were higher 
than phages of Bacteroides (GB-124). The findings were consistent with those reported by 
other investigators (Tartera et al., 1989; Lucena et al., 1994). A study by Ebdon et al. 
(2007) confirmed that phages of Bacteroides (GB-124) were detected at significantly lower 
levels in river waters under non-storm event circumstances. Also, a study by Yampara-
Iquise et al., (2008) using Bacteroides thetaiotaomicron as a human-specific marker, 
revealed that levels in streams with known sewage pollution problems were significantly 
higher than streams with little or no sewage pollution.  
146 
 
Applying the student‟s t test to the pooled event samples (ES) and pooled non-event 
samples (NES) datasets, test was significant for the NES. This means more phages of 
Bacteroides (GB-124) were detected and enumerated during the dry period than during the 
rainfall period. During the dry period, much of the flow into some streams within the 
catchment is WWTW effluent.  A study by Ebdon et al. (2007) concluded that phages of 
Bacteroides (GB-124) were generally higher during rainfall periods. Most of their samples 
were collected just a few km downstream of WWTW, which were overloaded, hence, the 
similarity between the results obtained at Spatham Lane (downstream of the Ditchling 
WWTW) and theirs. With sampling sites upstream of WWTW, or receiving no effluent 
from WWTW at all, the decrease in levels of phages of Bacteroides (GB-124) present may 
be attributed to the fact that; in the first place phages of Bacteroides (GB-124) occur at 
lower levels and the dilution effect of the rainfall compounds the chances of detecting 
phages of Bacteroides (GB-124) during periods of great dilution; and that rainfall results in 
greater NPS pollution of predominantly animal origin (Shehane et al., 2005), hence, fewer 
phages of Bacteroides (GB-124).   
 
The dominant source of FIB at Wales Farm was likely to be cattle as they are the greatest 
contributor to faecal pollution (in terms of numbers of animals and hence faecal load) 
within the sampling site. The dominant sources of FIB at Clapper‟s Bridge and Spatham 
Lane were most likely to be human and non-human and effluent from Ditchling WWTW 
respectively. 
 
In this study, thermotolerant coliforms, presumptive intestinal enterococci, and somatic 
coliphage levels and turbidity fluctuated simultaneously. It should be noted that 
unexpected peaks in the levels of these parameters observed during periods of negligible 
rainfall, may be attributed to a background source which may be a localised disturbance of 
stream sediment, direct defecation by cattle or dumping of manure, or aeolian processes. 
This phenomenon has been documented in other catchments (Desmarais et al., 2002; 
Shibata et al., 2004; Fries et al., 2008). 
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6.1.2 Impact of storm event on suspended solids and turbidity 
 
In this study, suspended solids and turbidity were both observed to increase significantly 
during the rainfall events. This observation is corroborated by studies by Mill et al. (2006), 
Lacour et al. (2009) and Randhir and Hawes (2009). Turbidity is known to be linearly 
correlated with suspended solids when the physical properties of particles remain constant 
(Lacour et al., 2009). Even though particle properties change over time, especially during 
rain events, adequate relationships between field turbidity and suspended solids can be 
determined in most environments (Minella et al., 2008). Storm runoff causes increasing 
suspended solids and turbidity due to transport of erosional particulate matter from land 
sources and the resuspension of bottom sediment which occur with high-flow during 
rainfall events (Coulliette and Noble, 2008). The carrying of suspended sediment in a river 
is part of the natural erosion and sediment transport process, and catchment development 
and management activities can increase the amount of sediment entering the river, 
particularly in agricultural areas (Petts and Foster, 1985; Randhir and Hawes, 2009). The 
way in which water travels through the environment from rainfall and to the point at which 
it reaches the stream as runoff has a large influence on microbial water quality. Water that 
has travelled as overland flow may have a higher level of suspended solids picked up from 
the surface, thus, increasing turbidity. The provenance of the suspended solids and 
turbidity in this study may have been land-derived sand, silt, clay (sediment associated 
with erosion), and organic particles dislodged by rainfall and carried by overland flow, 
organic detritus from and /or waste discharges, or stormwater runoff.  
 
Turbidity levels are known to affect microbial numbers through resuspension of sediment-
bound bacteria (Jamieson et al., 2005), as well as attenuation of light penetration in the 
water column (Rhodes and Kator, 1988). Nagels et al. (2002) and Muirhead et al. (2004) 
observed similar significant positive correlations between thermotolerant coliforms and 
turbidity. Muirhead at al. (2004) registered correlations of r = 0.74 and r = 0.73 at the two 
sampling stations they studied. The strong significant positive correlations between 
suspended solids and FIB, and turbidity and FIB, may be as a result of particulate matter 
providing a safe haven for bacteria or that the process of sediment transport and bacterial 
transport were linked (Sinclair et al., 2009). It might also be that the suspended solids or 
turbidity was caused by bacteria. According to Gupta et al. (2005), suspended solids 
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provide support media on which bacteria can grow, and that turbidity may be related to the 
number of bacteria present in water in that bacteria cause turbidity and bacteria live on 
suspended solids causing turbidity. 
 
Though suspended solids and turbidity had a very high positive significant correlation (r = 
0.87) at Wales Farm, that was not the case at Clapper‟s Bridge and Spatham Lane. 
However, when the pooled dataset was considered, there was an overall positive significant 
relationship between suspended solids and turbidity (r = 0.75). Both of these represent the 
suspension load. Since suspended solids and turbidity concentrations of the ES were higher 
than those for NES, the suggestion was that the suspended load originated from erosion 
and transportation processes within the catchment and erosion on the streambed and banks. 
The very high (r = 0.75) and positive significant correlation between suspended solids and 
turbidity suggests that turbidity can replace suspended solids determination in water 
quality monitoring. Turbidity could be used as a rapid and low-cost surrogate for 
suspended solids, which require more time and labour to determine. 
 
6.1.3 Effect of storm event on other chemo-physical parameters 
 
A decrease in pH, dissolved oxygen, and redox potential was most likely due to associated 
runoff from rainfall (freshwater input). Dissolved oxygen was significantly (p value ≤ 
0.001) higher in the NES than ES at all the three sampling sites. This may be as a result of 
large quantities of organic matter washing into the streams during the rainfall event, which 
in turn can reduce the amount of oxygen present in the water. The microorganisms 
responsible for the breakdown of organic matter consume oxygen and therefore deplete the 
oxygen levels present in the water. Dissolved oxygen concentration is also subject to 
diurnal and seasonal fluctuations that are due, in part, to variations in temperature, 
photosynthetic activity and river discharge (Ministry of Environment, 1998).  The 
significantly (p value ≤ 0.008) higher temperatures and the higher suspended solids and 
turbidity of the ES can also help to explain why the dissolved oxygen was lower in ES. The 
suspended solids might have scattered the incoming light, thus reducing the photosynthetic 
activity of plants and algae, which contributed to lowering of the dissolved oxygen 
concentration. A study by Coulliette et al. (2008) showed that dissolved oxygen increased 
during rainfall due to associated biological activity, contradicting the result herein. A 
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possible reason for this contradiction may be that during this study, the suspended solids 
and turbidity were characterised by a significant oxygen-consuming content (Kafi et al., 
2008).  
 
The decline in dissolved oxygen has a direct implication on pH. According to Vega et al. 
(1998) as the amount of available dissolved oxygen decreases, carbohydrates, proteins, and 
lipids which constitute the most part of dissolved organic matter, undergo anaerobic 
fermentation processes producing ammonia and organic acids, which in turn are 
hydrolysed causing a decrease of water pH values. This may help explain the lower pH 
observed during the event sampling. 
 
Conductivity is directly proportional to the concentration of dissolved ions. Temperate 
rivers normally have conductivity between 10 and 1,000 µS/cm (Davie, 2008). 
Conductivity was within the range that is normally expected for river waters, between 195 
and 563 µS/cm. The low levels of conductivity observed at certain sampling sites may be 
explained by the dilution effect of the freshwater input. 
 
6.1.4 Principal components (PCs) of the storm event 
 
Based on the principal component analysis (PCA), most of the variance in the ES was 
accounted for by three PCs (Table 4.6). These PCs are: FIB or faecal contamination; 
suspension load; and chemical or freshwater input. PC1 (FIB contamination) is highly and 
positively contributed to by thermotolerant coliforms, presumptive intestinal enterococci, 
and Clostridium perfringens. PC1 indicated that FIB responded similarly to rainfall event, 
and that they were possibly transported into the streams by overland runoff. The negative 
contribution of temperature, conductivity, and phages of Bacteroides (GB-124) can be 
explained considering that dilution increased with high-flow.  
 
PC2, which is highly and positively contributed by suspended solids and turbidity, 
indicated that there was an increase in these parameters during the rainfall event (Table 
4.6). The high suspended solids and turbidity may have resulted from land-based and in-
channel sources (already discussed in detail elsewhere). The negative contribution of 
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dissolve oxygen can be explained in that high levels of dissolved organic matter consume 
large amounts of oxygen.  
 
Conductivity and redox potential contributed highly and positively to PC3. Phages of 
Bacteroides (GB-124) contributed negatively to this component. This can be explained by 
the observation that dilution processes of chemicals increase with discharge. Phages of 
Bacteroides (GB-124) come almost entirely from PS, which are a far greater component of 
Q during dry weather. It may also be possible that these two parameters had a negative 
impact on the levels of phage capable of infecting Bacteroides (GB-124). However, further 
research is necessary in order to determine whether such a relationship exists. 
 
6.1.5 Statistical regression models to predict FIB during a storm and non-storm event 
 
To reduce the risk of illness due to exposure to elevated levels of pathogens, water 
managers and local government agencies need tools that can provide a quick and reliable 
indication of the water quality conditions (USEPA, 1999), hence, the need for predictive 
tools, such as multiple regression models. The thermotolerant coliforms and presumptive 
intestinal enterococci models developed for both the storm event data and the 12 months 
data were based on the unique combination of chemo-physical and environmental 
explanatory parameters including discharge (Q), conductivity, pH, temperature, turbidity, 
NH3-N, and NO3-N.  Interestingly, the storm event thermotolerant coliforms model 
contains a parameter related to the dispersion of faecal pollution, discharge, conductivity, 
and turbidity. The R2 for the regression models of the storm event was 0.66 (thermotolerant 
coliforms) and 0.69 (presumptive intestinal enterococci), meaning that 66% or 69% of the 
variation in thermotolerant coliforms and presumptive intestinal enterococci levels is 
explained by the predictive parameters in the models. According to Van der Wielen et al. 
(2009), such R2 values are comparable to R2 values of multiple regression models, which 
are used as „early warning‟ systems in the United States. R2 for the regression models of 
the 12 months was 0.37 (thermotolerant coliforms) and 0.34 (presumptive intestinal 
enterococci), meaning that 37% or 34% of the variation in thermotolerant coliforms and 
presumptive intestinal enterococci levels is explained by the predictive parameters in the 
models. These models that utilise data that can be collected easily and on a real-time basis 
could form part of an early warning system for predicting faecal microbial water quality 
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(Olyphant and Whitman, 2004). Discharge (Q), turbidity, and temperature were the most 
important parameters in multiple linear regression models used to predict thermotolerant 
coliforms and presumptive intestinal enterococci levels during the storm event.  
 
However, multiple regression models based on the relationship between environmental 
parameters and faecal microbial levels are site-specific since they are based on simple 
correlations between water quality and environmental data. These models do not 
distinguish between PS and NPS of faecal contamination and do not explicitly incorporate 
attenuation (advection, transport, and decay) processes (Olyphant et al., 2003). They do 
not attempt to provide the spatial distribution of FIB. 
 
With regards to the storm event study, there was a clear relationship between the incidence 
of rainfall, runoff, discharge and deterioration in surface microbial water quality. Heavy 
rainfall events may represent a temporal „critical control-point‟ of concern for drinking 
water abstraction and bathing water from the streams within the Ouse catchment, hence, 
rainfall can serve as an „early warning‟ system of possible deterioration in microbial water 
quality. 
 
6.2 Twelve month dataset of chemo-physical and microbial water quality  
 
The discussion in this section relates to the pooled dataset of the twelve month sampling 
regime.  
 
6.2.1 Spatial variations among the sampling sites 
 
Land use (including anthropogenic activities), and the geological and geochemical 
attributes of the River Ouse catchment strongly influence the chemo-physical and 
microbial composition of the waters of the streams, hence, the spatial disparity in the 
fourteen sampling sites. As reported in Chapter five, temporal and spatial variations were 
observed during this research. The temporal and spatial variations most likely suggest 
influences from a range of PS and NPS and/or the interplay of environmental factors (such 
as rainfall, vegetation, slope angle, geology, and soil type and so forth). The presence of 
thermotolerant coliforms, presumptive intestinal enterococci, Clostridium perfringens, 
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somatic coliphages, and phages of Bacteroides (GB-124) indicate that all the sampling 
sites with the exception of Wales Farm were impacted by faecal material arising from both 
humans and animals. High levels of somatic coliphages, phages of Bacteroides (GB-124), 
orthophosphate observed at Spatham Lane (maximum, 1.39 mg/l) and at Clapper‟s Bridge 
(maximum, 1.34 mg/l) are indicative of effluents from WWTW. The presence of NO3-N, 
with high concentrations of 1.12, 1.04, and 1.01 mg/l at Lindfield, Spatham Lane, and 
Streat Lane respectively may have been contributed from overland runoff from agricultural 
fields which make use of inorganic fertilisers (for example, ammonium sulphate) (Vega et 
al., 1998; Davie, 2008). Wales Farm and Swansyard Farm were the most polluted in terms 
of levels of thermotolerant coliforms and turbidity concentration, and the least polluted 
sampling site with regards to thermotolerant coliforms and turbidity concentration was 
Ditchling. With regards to orthophosphate, Spatham Lane, Clapper‟s Bridge, and Streat 
Lane were the most polluted while Ditchling and Longford were the least polluted. 
 
6.2.2 Correlations between chemo-physical and microbial water quality parameters 
 
Faecal indicator organisms: Correlation provides an indication that there is a relationship 
between two parameters; it does not, however, indicate that one parameter causes the other 
(Pallant, 2007; Tabachnick and Fidell, 2007; Kinnear and Gray, 2008), or both parameters 
are caused or influenced by a third parameter (Pallant, 2007). The statistically significant 
positive correlations between FIB and somatic coliphages were not surprising in that they 
do have a common source, faeces. The positive correlations between turbidity, 
thermotolerant coliforms, and somatic coliphages suggest that these microorganisms were 
carried in suspension either from in-channel reservoirs or overland agricultural runoff. The 
relationship may also suggest that the process of sediment transport and bacterial transport 
may be linked (Sinclair et al., 2009). The relationship between somatic coliphages and 
orthophosphate indicates a common source which may be wastewater from WWTW or 
agricultural runoff. However, somatic coliphages are found in all or any faecal source such 
as wild birds, livestock, and wild animals. A few authors (Grabow et al., 1980; Seeley and 
Primrose, 1980; Borrego et al., 1990) think they may even multiply in the environment. 
However, a recent review of scientific evidence on the replication of somatic coliphages in 
the environment (waters) by Jofre (2009) concluded that replication of somatic coliphages 
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in waters is very unlikely. Somatic coliphages require a coliform host (for example E. coli) 
in order to multiply, however, much more likely in the gut. 
 
Nutrients (NO3-N and NH3-N): The correlation observed between NO3-N and NH3-N 
could point to a common source or mixed PS and NPS. The common source may be 
overland runoff from agricultural fields, which use ammonium fertiliser. Also, high levels 
of NH3-N may originate from the decomposition of nitrogen-containing organic 
compounds such as proteins and urea, which are constituents of wastewater (Vega et al., 
1998).  
 
Temperature: The statistically significant inverse correlation (-0.80) between temperature 
and dissolved oxygen concentration shows their interdependence. The solubility of 
dissolved oxygen decreases with increasing temperature. Cold water holds more dissolved 
oxygen than warm water. Water temperature is a controlling factor in the rate of chemical 
reactions occurring within a stream. Warm water will increase the rate of many chemical 
reactions occurring in a stream, and it is able to dissolve more substances.  
 
Suspended solids and turbidity: Suspended solids can be both inert (clay and silt 
particles) and organic in content. If the suspended solids are organic in content, the organic 
content will have an oxygen demand. The carrying of suspended solids in a stream or in 
runoff is a response to natural erosion and sediment transport processes. Suspended solids 
vary in space and time as a result of changing Q or runoff velocity; sediment will be 
deposited when the Q declines and vice versa. The statistically significant moderate 
inverse correlations between suspended solids and dissolved oxygen (-0.41), and turbidity 
and dissolved oxygen (-0.31) during winter might have arisen from the fact that the 
suspended solids and turbidity had a high organic content and their in-situ decomposition 
depleted levels of dissolved oxygen in water (Bilotta and Brazier, 2008). The stronger 
correlations between suspended solids and turbidity occurred during the rainy months, 
therefore, rainfall, overland runoff, and in-channel stirring up of sediment accounted for 
the high positive correlations during these periods of rainfall and aquatic disturbances. 
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6.2.3 Seasonal variations 
 
Microbiological methods are more apt (respond to seasonal arable and pastoral farming 
practices and wastewater discharges)  to reveal seasonal variations in water quality than 
chemical methods. This scenario provides further justification of the use of a combination 
of both chemical and microbiological methods in this study. Wide seasonal variations in 
temperature, rainfall, stream discharge, physical, chemical, and microbiological parameters 
were observed during the study. This research has demonstrated that there is no universal 
diagnostic water quality parameter that can determine water quality in all river catchments 
and at all times of the year. Also, a microbial or a chemo-physical water quality parameter 
that is important to contributing water quality variation in one season may not be important 
in another season (Ouyang et al., 2006). Based on the conclusion that different water 
quality parameters determine variation at different times, Ouyang et al. (2006) suggested 
that in the selection of water quality parameters for the establishment of pollutant load 
reduction goals (PLRGs) and the development of total maximum daily loads (TMDLs), the 
seasonal water quality parameter variations must be considered. Therefore, identification 
of critical seasonal chemo-physical and microbial water quality parameters could help in 
reducing the number of parameters monitored each season based on the seasonal 
information. This will lead to a significant reduction in time and cost savings without 
compromising water quality monitoring. For example, based on the seasonal prevalence of 
parameters in this study as reported in Chapter five, turbidity, phages of Bacteroides (GB-
124), thermotolerant coliforms, and presumptive intestinal enterococci could be monitored 
during all the seasons. However, further research is necessary to determine the stability of 
such seasonal variations. The microbial parameters (phages of Bacteroides (GB-124), 
thermotolerant coliforms, and presumptive intestinal enterococci), and organic-related 
parameter (turbidity), mineral-related parameter (conductivity and redox potential), 
physical parameter (dissolved oxygen and temperature) may be interpreted as representing 
human and non-human, and natural inputs influences respectively.  
 
Overall, extreme FIB levels (Appendices 4 and 6) were found to occur in summer when 
there were periods of summer rainstorms (increased inputs to surface waters) and high Q. 
The increased FIB levels in summer months could also have been impacted by increased 
survival times (Plummer and Long, 2007). The reductions in FIB observed in winter 
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compared to summer are attributable to a diminution of surface sources (especially 
agricultural fields) of FIB as a consequence of more frequent flushing of the FIB stores in 
catchments under generally wetter conditions and of likely reduced faecal inputs to grazing 
land as a result of winter housing of livestock (especially dairy cattle) and a reduction in 
the amount of slurry spread during the wetter winter period (Kay et al., 2008).  
 
The occasional high levels of thermotolerant coliforms, presumptive intestinal enterococci, 
and somatic coliphages which were evident during periods of little or no rainfall, and low 
Q can be attributed to two factors: runoff, and direct deposition and/or effluent from 
WWTW. Although rainfall may not produce much flow, even a little runoff generated 
from the rainfall would still wash bacteria into the river network. Thus high FIB levels 
could be associated with a lower Q derived from rainfall runoff (Schilling et al., 2009). 
Elevated FIB levels observed during low flows may be associated with impacts from PS, 
particularly cattle in streams (Wales Farm) and effluents from WWTW (Spatham Lane). 
Rainfall runoff would not be needed to transport FIB to streams if bacteria sources have 
direct access to streams. Thus, elevated FIB levels could occur during any time period 
regardless of flow condition (Schilling et al., 2009). Therefore, performing monitoring on a 
regular basis at key (“sentinel”) sampling sites for the purpose of managing FIB loads is 
the inevitable corollary of the determination to enhance effective catchment monitoring 
both during rainfall and nonrainfall periods (Long and Plummer, 2004). 
 
Seasonality of chemo-physical parameters: The River Ouse and its tributaries include 
areas of intensive arable agriculture in its upper reaches, but also a significant input from 
sewage effluent. At times during the summer months some of the tributaries of River Ouse 
consist of partially treated sewage effluent deliberately released. This gives a background 
nitrate level, but it is perhaps surprising that the summer levels of nitrate are not higher 
compared to the winter period; throughout the year (less dilution during summer months) 
effluent from WWTW is released into streams (for example Spatham Lane, downstream of 
the Ditchling WWTW) and the discharged water gives a background nitrate level. This can 
be attributed partly to the growth of aquatic plants in the summer, which assimilate nitrate 
from the water during the biologically active periods of spring and summer, and microbial 
activities (autotroph activity) (Holloway and Dahlgren, 2001; Davie, 2008; Jarvie et al., 
2008). Also, a decrease in dissolved oxygen concentration enhances the denitrification 
156 
 
process under anaerobic condition (Carlyle and Hill, 2001), which has implications for 
nitrate concentrations. 
 
According to Neal et al. (2008) the sources of NO3-N and their potential for release are 
related to the hydro-biogeochemical processing of nitrogen within a catchment, and to the 
timing and nature of the farming practices. The flushing effect is particularly important for 
clay catchments since there is usually more runoff than infiltration or storage. The peaks 
over the autumn-spring period (corroborated by Davie, 2008) may be as a result of 
agricultural practices in the study catchment.  A study of the River Lea, south-east England 
by Davie (2008) concluded that the peaks observed in nitrates were as a result of 
agricultural practices in south-east England. During autumn and winter periods there is 
flushing of NO3-N from agricultural land. NO3-N concentrations increase with discharge 
particularly during storms following long dry periods. The explanation can be the 
accumulation of NO3-N during dry periods in soils and groundwater from mineralisation 
and nitrification processes, and may be atmospheric dry deposition. High NO3-N 
contributions during storms may also be influenced by atmospheric washouts, especially 
after extended dry periods (Barco et al., 2008). Nitrates mainly contribute to streams 
through runoff from agricultural land, especially from areas of intensive agricultural 
production. Other possible sources include, amongst others, wastewater discharges, silage 
pits, slurry-holding tanks and septic tanks (Gray, 2007; Davie, 2008). According to Gray 
(2007), climate change is making summers in the UK drier, so that nitrogen accumulates in 
the soil leading to more leaching when significant rainfall does occur. The generally low 
NO3-N concentrations observed in this study were in sharp contrast to the elevated 
concentrations observed in the Greater Ouse and the Thames rivers (average 37 and 36 
mg/l, respectively) as reported by Neal and Robson (2000).  
 
PO4-P is a dominating nutrient source in summer when stream flows and losses by 
leaching and runoff are low (Edwards and Withers, 2008; Stutter et al., 2008). The release 
of PO4-P probably results from a combination of PO4-P desorbed from particles mobilised 
in the water column and direct leaching through soil drain and macropore subsurface 
pathways (Heathwaite and Dils, 2000). In river systems the main source of dissolved 
phosphate is from detergents and soaps from partially treated wastewater effluents from 
WWTW. Houhou et al. (2009) suggest that it is possible that most phosphates entering the 
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sewers are formed as a result of dilution of human excretion products by flushing. 
According to Davie (2008) wastewater treatment processes remove very little of the 
phosphate from detergents present in wastewater, except where specific phosphate-
stripping units are used. The statistically significant increase in PO4-P downstream of 
WWTW in this study during dry periods would suggest little or no dilution by rainfall of 
WWTW effluent discharged.  
 
6.2.4 Longitudinal variation 
 
The chemo-physical parameters concentrations increased down-stream as revealed by the 
Students‟ t test. The increase in conductivity and other chemical parameters down-stream 
are linked to standard processes for chalk streams (Neal et al., 2005a), and congruous with 
the general behaviour of solutes in streams (Bengraine and Marhaba, 2003). This can also 
be attributed to the fact that chemo-physical parameters do not experience any die-off 
(though they can be biologically active) and they do not settle easily. On the other hand, 
the microbial parameters are adversely affected by environmental parameters such as 
ultraviolet radiation, temperature, predation and other stressors in the water environment. 
Therefore, die-off can lead to significant reductions in their numbers down-stream of their 
point of release. It would appear they also settle out quite easily. Interestingly, although 
Scaynes Hill sampling site was located downstream of the Lindfield sampling site, 
microbial levels were higher at Scaynes Hill sampling site than the Lindfield sampling site. 
Given that the Scaynes Hill WWTW is located down-stream of Lindfield sampling site and 
up-stream of the Scaynes Hill sampling site, Scaynes Hill sampling site receives significant 
wastewater effluents from the WWTW. The high levels of faecal indicator organisms and 
nutrients (PO4-P and NH3-N) at the Scaynes Hill sampling site demonstrate the impact of 
wastewater effluent on river water quality (Table 5.5 and Appendix 6). 
 
6.2.5 Cluster analysis (CA) 
 
The clustering procedure revealed the groups of similar sampling sites. These clusters 
include sampling sites, which seemingly are affected by similar sources and pollution 
types. The most chemo-physically and microbially polluted cluster was Cluster C6, which 
comprised only Wales Farm, followed by C2, 1, and 5 in descending order of pollution 
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magnitude. Cluster 4 (which comprised only Ditchling) was the least polluted. The 
clustering procedure also showed the potential of grouping the sites based on streams 
(Figure 5.7). The CA indicated that the approach makes possible the design of a future 
spatial monitoring strategy in an optimal manner and offers a reliable classification of 
surface waters in a catchment. For example, the number of the sampling sites could be 
optimised in such a way that for preliminary rapid water quality assessment studies, only 
representative sites from each cluster need be used. This reduces the amount of analysis 
and the cost of monitoring (Simeonov et al., 2003). 
 
To evaluate the potential of reducing the number of water quality sampling sites for long 
term monitoring purposes, Principal Component Analysis (PCA) of the fourteen sampling 
sites showed that the number of sampling sites could be reduced from fourteen to six 
representative sites, just as with CA whereby six clusters (a representative site could be 
selected from each cluster, hence, six representative sampling sites) were identified. This 
reduction may result in significant time and cost savings without sacrificing important 
surface water quality information and data.  
 
6.2.6 Quantitative microbial source tracking (QMST) 
 
The application of the human faeces-specific quantitative microbial source tracking phages 
of Bacteroides (GB-124) to all sampling sites and samples demonstrated the contribution 
of different faecal pollution sources at different sampling sites. The low correlation  
(r = 0.05) between thermotolerant coliforms and phages of Bacteroides (GB-124) as 
revealed by the pooled 12 month dataset, may hint that a dominant part of the observed 
contamination with thermotolerant coliforms in the catchment can be traced back to animal 
faecal contamination origin. The results indicated that animals and humans were both 
likely contributors of faecal contamination to the River Ouse catchment. However, the 
main contributors were animals based on the pooled data correlation (r= 0.05) between 
thermotolerant coliforms and phages of Bacteroides (GB-124) and the ratios between 
phages of Bacteroides to somatic coliphages. Based on this correlation, the fraction of 
faecal pollution attributable to human sources is less than 1%. This correlation approach to 
determine whether faecal contamination is of human or animal provenance is based on 
Reischer et al. (2006), Ahmed et al. (2008), and Kirschner et al. (2008). If the 
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thermotolerant coliforms came mainly from humans, there would be a strong positive 
significant correlation between thermotolerant coliforms and phages of Bacteroides (GB-
124) since they would have been released simultaneously. Phages of Bacteroides (GB-124) 
were detected and enumerated at Spatham Lane (1:2) and Clapper‟s Bridge which is 
impacted by both anthropogenic and non-anthropogenic sources, but not at Wales Farm 
(1:4 to 1:5) that does not receive known human inputs, but does receive a range of 
agricultural inputs. During the dry periods, WWTW discharges at certain sampling sites 
constituted the main source of water into these streams. This is likely to explain why the 
phages of Bacteroides (GB-124) levels were higher during the dry periods. An increase in 
the Q during the storm event period causes dilution of contaminants, which partly explains 
the low levels of phages of Bacteroides (GB-124) observed at sampling sites downstream 
of WWTW. Ahmed et al. (2008) reported in their study using the human-specific 
enterococci surface protein (esp) marker that dilution associated with more water flow 
following a storm event may have masked its detection in certain samples. 
 
The high levels of thermotolerant coliforms in the presence of very low levels of phages of 
Bacteroides (GB-124) (linear correlation of 0.05, signifying that less 1% of faecal 
contamination detected by thermotolerant coliforms can be attributed to human sources), 
possibly indicated non-human sources of faecal contamination (Weaver et al., 2005; 
Reischer et al., 2006; Ahmed et al., 2008; Kirschner et al., 2008). The presence of high 
levels of FIB and the QMST data on the human-specific phages of Bacteroides (GB-124) 
provided evidence of the extent of non-human faecal/human faecal contamination in the 
rural catchment (Ahmed et al., 2008). As only human-specific phages of Bacteroides (GB-
124) were used in this study, it was not possible to apportion the contribution of other 
sources (different animals) of faecal pollution. However, a combination of human-specific 
and animal-specific Bacteroides (or markers) would provide additional information 
regarding the sources of faecal contamination and should be used for environmental 
samples where possible (Ahmed et al., 2007; Ahmed et al., 2008; 2008; 2008). 
 
However, it should be noted that the absence of a human-specific Bacteroides or marker 
does not rule out the presence of human faecal contamination (McQuaig et al., 2006; 
Ahmed et al., 2007), for they may be present in levels below the detection limit (especially 
during storm events). A major limitation of using a combination of markers is that markers 
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for only a few animal species are currently available; wildlife species especially are poorly 
represented (Field and Samadpour, 2007). 
 
Potential confirmatory test for human faecal contamination in surface waters: Using 
Spatham Lane and Wales Farm sampling sites, which are impacted mainly by human and 
non-human inputs respectively, this study has revealed meaningful and consistent ratios of 
phages of Bacteroides (GB-124) to somatic coliphages at these two sampling sites (Table 
5.8). Overall, the findings suggest that in both sampling sites, the meaningful and 
consistent ratio whenever phages of Bacteroides (GB-124) and somatic coliphages were 
detected was log10 1:2, and that when somatic coliphages were detected in the absence of 
phages of Bacteroides (GB-124) was log10 1:4 and 1:5. Given that the Spatham Lane 
sampling site receives faecal contamination from predominantly a human source, the ratio 
log10 1:2 could potentially be indicative of faecal contamination from humans and, thus, 
could serve as a potential confirmatory test for human pollution and a necessary adjunct to 
the human faeces-specific phages of Bacteroides (GB-124). The ratio log10 1:4 to 1:5 could 
potentially serve as an indicator of non-human pollution. The seven (28%) samples at 
Wales Farm in which phages of Bacteroides (GB-124) and somatic coliphages were 
detected, may have received human input incident to open defecation. 
 
6.3 Conclusions 
 
Heavy rainfall events may represent a temporal „critical control-point‟ of concern for 
drinking water abstraction from the streams within the Ouse catchment. Microbial levels 
significantly increased over the course of rainfall-induced runoff events, and the microbial 
water quality at the sampling sites generally deteriorated, in accordance with previous 
findings in other river catchments (for example, Kay et al., 2008; Zhang et al., 2008; 
Richardson et al., 2009). Since the highest faecal indicator bacteria levels were all 
associated with the storm event, it can be suggested that the greatest faecal microbial risks 
to human health occur during storm events. Storm events may have implications for 
compliance with the EU Water Framework Directive, Drinking Water Directive, and 
Bathing Water Directive water Escherichia coli and intestinal enterococci standards 
(European Union, 1998; 2006; Signor and Ashbolt, 2006). 
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This research indicated that the microbiological contamination of the River Ouse and its 
tributaries was due to contributions from both PS like WWTW and NPS such as runoff 
from agriculture, wild animals and birds. Monitoring should therefore include sampling 
during both baseflow and stormflow conditions. Water quality monitoring and 
management in the River Ouse catchment would clearly benefit from details of specific 
CSO discharges.  
 
The QMST method can play a key role in predicting human faecal pollution dynamics 
during future extreme rainfall events. Phages of Bacteroides (GB-124) are reliable for 
detecting human faecal contamination in environmental water samples and could be used 
for routine monitoring to identify human faecal contamination in countries it has been 
successfully tried. The ratios 1:2 and 1:4 (phages of Bacteroides (GB-124) to somatic 
coliphages) could serve as potential confirmation of human and non-human faecal 
contamination respectively.  
 
Multiple regression models developed can be used as „early warning‟ systems to predict 
exceedance of thermotolerant coliforms and presumptive intestinal enterococci threshold 
values at bathing water sites.  
 
The information gathered during the study can assist with the development of Water Safety 
Plans by water abstraction companies operating in this catchment. Seasonal changes can 
cause significant variations in water quality parameters.  
 
Concentrations of chemo-physical parameters such as turbidity and suspended solids were 
highest during the storm event, due to in-channel resuspension, erosion, runoff, and 
transport. Extreme turbidity and suspended solids values were also recorded during the 
storm event.  
 
Principal component analysis (PCA) achieved a reduction of the fourteen parameters by 
generating three significant PCs, which accounted for 68% of the variance (or information) 
in the pooled event dataset. For the pooled 12 month dataset, a reduction of the 16 
parameters to three significant PCs that explained 51% of the variance of the original 
pooled dataset was achieved. Cluster analysis (CA) by Ward‟s method grouped the 
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fourteen sampling sites into six clusters of similar chemo-physical and microbial 
characteristics.  
 
Importantly, this study has demonstrated that multivariate statistical and quantitative 
microbial source tracking (QMST) methods are useful tools for unravelling the complex 
nature of chemo-physical and microbial water quality issues. These methods could assist 
decision making in a number of ways: 
 derive information on possible influences of humans and animals (QMST), 
agricultural activities, and the environment on chemo-physical and microbial water 
quality in a river catchment. 
 analyse and understand temporal and spatial variations. 
 reduce the number of monitoring parameters and sampling sites, which will help in 
implementing measures in a more cost effective way. 
 provide a guideline in prioritising remediation measures and determine priority 
areas for management. 
 determining the spatial extent of pollution 
 for rapid appraisal of chemo-physical and/or microbial water quality, one site from 
each cluster (herein referred to as “sentinel” or “sentry” sampling site) suffices to 
serve as a “sentinel” sampling site in the spatial assessment of chemo-physical and 
microbial water quality in a catchment without compromising information. 
 
Correlations between turbidity, suspended solids, and thermotolerant coliforms were 
positive and strong. Turbidity could provide a more precise evaluation of microbial 
pollutant levels at lower cost than typical sampling methods, and hence, turbidity 
monitoring could therefore serve as a tool for assessing wet weather microbial pollutant 
loads (Lacour et al., 2009) in river catchments. 
 
6.4 Recommendations for improved water quality assessment in river catchments 
 
6.4.1 Turbidity/suspended solids and FIB 
 
Turbid conditions may be associated with an increased presence of waterborne diseases 
such as cholera, diarrhoea, cryptoporiosis etc. According to Gupta et al. (2005), turbidity 
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may be related to the levels of FIB present in water. The fact that turbidity may be related 
to the levels of FIB makes it a potential candidate that can be used to estimate the levels of 
FIB in water. Following monitoring over a long period of time, the correlation between 
turbidity (especially during rainfall event periods) and FIB bacteria could be established 
and subsequently, FIB analysis could be carried out when turbidity exceeds a set threshold 
established (based on the chemo-physical and microbial dynamics of that particular river 
catchment). This could culminate in cost reduction, and therefore may facilitate a more 
cost effective approach for future catchment monitoring and management. This will enable 
water quality monitoring, especially in the Less Economically Developed Countries 
(LEDC), where there may be a lack of political will, coupled with limited financial and 
material resources to be supported adequately by the local and/or central governments. 
Rural communities could be educated on how to determine the turbidity of water, which is 
quite straightforward, and when it exceeds the established threshold the residents should 
not consume such water or boil (basic treatment) such water before drinking. This could 
potentially reduce the risk of waterborne diseases in such communities where drinking 
water is most often taken untreated straight from streams or other highly dubious sources 
like boreholes (shallow unprotected wells) or both.  
 
6.4.2 Rainfall and microbial water quality monitoring 
 
To mitigate the potential consequences of heavy rainfall in rural river catchments regarding 
water-related disease outbreaks, there is the compelling need to conduct research into 
simple and cheap monitoring designs to encourage microbial water quality monitoring. 
Where human, financial, and material resources permit, real-time monitoring or frequent 
monitoring during rainy periods is imperative. 
 
6.4.3 Faecal sources and microbial water quality risk mapping  
 
Following QMST and QMRA, risks maps should be produced, which will identify surface 
and borehole (shallow unprotected wells) water sources within a river catchment that are 
most at risk. Where boreholes (shallow unprotected wells) are the main source of drinking 
and domestic bathing water, the risk maps will assist in the decision as to where new 
boreholes should be sited, and the closing of old boreholes that are located in high risk 
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areas. These maps would also help in that people will be advised as to where and when to 
obtain their drinking and domestic bathing water. The overall benefit of this approach will 
be that the local and/or central governments will be able to tackle diarrhoeal diseases in a 
more targeted and cost-effective way.  
 
6.4.4 Optimization of information and minimization of cost 
 
Once the chemo-physical, environmental, and microbial dynamics of a catchment 
(monitored for at least one complete year) have been understood, rapid measures such as 
turbidity could be used to trigger intensive microbial analyses. Both a traditional faecal 
indicator and a human-specific Bacteroides (for example, phages of Bacteroides (GB-124)) 
are needed to fully assess the microbial contamination level and sources. FIO levels 
(thermotolerant coliforms, presumptive intestinal enterococci, Clostridium perfringens, and 
somatic coliphages) were all highly positively correlated and suspended solids were highly 
positively correlated with turbidity. These positive correlations between microbial and 
chemo-physical water quality parameters are unlikely to be catchment-specific (Plummer 
and Long, 2007). Therefore, to optimize information from the monitoring and to minimise 
labour and expenditure on resources, water monitoring design or management agency 
might choose to measure only thermotolerant coliforms and turbidity. Hydrogen sulphide 
(H2S) paper-strip test (a low-cost test for sulphide-reducing bacteria), though not studied 
during this study, could be tested instead of thermotolerant coliforms in drinking water 
derived from surface water (Manja et al., 1982; Castillo et al., 1994; Martins et al., 1997; 
Mosley and Sharp, 2005). A combination of host-specific Bacteroides and markers should 
be used for faecal microbial source tracking to obtain a better understanding or 
apportionment regarding the polluting sources.   
 
6.4.5 Turbidity as a surrogate measure of suspended solids and thermotolerant 
coliforms 
 
The filtration and drying method for determining the amount of suspended solids in 1 litre 
of water is not only prone to cumulative error in measurements, but is time-consuming. In 
this study, turbidity was shown to have a statistically significant strong positive correlation 
with suspended solids, and its measurement is quite straightforward. Hence, it could be 
measured instead of suspended solids. Turbidity could be measured also at high resolution 
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time-steps (Bilotta and Brazier, 2008). Therefore, if the objective is to qualitatively 
estimate suspended solids, it is strongly recommended to determine just the turbidity.  
To encourage microbial water quality monitoring in the LEDC, turbidity should be used (at 
least as a screening tool before microbiological analysis) as a surrogate for thermotolerant 
coliforms and presumptive intestinal enterococci, since this study demonstrated strong 
positive correlations between turbidity and these FIO, though the relationship may not be 
constant in most waters.  
 
6.4.6 Identification of sentinel sampling sites 
 
For rapid appraisal of chemo-physical and/or microbial water quality, Cluster Analysis 
(CA) could be used to establish representative sites from a myriad of sites in the first 
instance. Sites which belong to the same cluster are more homogeneous than 
heterogeneous, which might reflect a common source of contamination, and similar 
environmental characteristics, conditions, and processes. One sampling site from each 
cluster (herein referred to as “sentinel” sampling site) suffices to serve as a sentinel 
sampling site in spatial assessment of the chemo-physical or microbial water quality in the 
catchment. This will have implication for the future design of spatial sampling strategy and 
cost. Given that the number of monitoring sites in the catchment will be reduced, cost 
(human, financial, and material resources) too will be reduced without compromising the 
information obtained. 
 
6.4.7 Suggestions for an improved river catchment monitoring and management 
design 
 
To gain a better understanding of the source behaviour and to provide the best preventative 
management of high risk source water events, a source monitoring programme should be 
based on baseline source water quality monitoring (understanding full stream or river 
behaviour seasonally), and event-based water quality monitoring (where monitoring is 
triggered by high runoff or point source discharge) (Miller et al., 2009).  
 
A simple and effective preliminary chemo-physical and microbial water quality assessment 
and long-term monitoring (to separate out annual patterns and seasonal effects from 
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random fluctuations) design are an important accessory to any river catchment 
management programme. As represented in Figure 6.1, the first stage of a preliminary 
water quality assessment and long-term monitoring is a reconnaissance and sanitary survey 
if the main purpose is microbial water quality, and ground truthing. 
 
 
Figure 6.1 Proposed decision-tree approach to catchment hazard assessment and low-cost effective water quality   
   procedures for preliminary water quality assessment and long-term monitoring of a river catchment    
  
During the reconnaissance survey, the river catchment will be delineated (if the catchment 
is too large), then potential PS and NPS of microbial contamination are evaluated, and 
many monitoring sites are established based on the potential sources of microbial 
contamination, environmental factors, and easy accessibility to the monitoring sites. The 
next step is to design the monitoring regime. To assess the microbial dynamics during all 
seasons, a mandatory, at least fortnightly regime for one year should be carried out, and 
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event-triggered sampling or monitoring should be carried out during rainfall (storm) events 
and/or when an illegal discharge is suspected. PCA and CA should be applied to the 
chemo-physical and microbial pooled dataset collected during the one year period; to 
ascertain the seasonal and spatial dynamics and to extract the parameters which are most 
important in each season and those parameters which are important all year round. Also, 
the early warning or „sentinel‟ monitoring sites are selected based on the PCA and CA. 
Using statistical techniques to explore relationships among parameters, surrogates are 
determined. For example, turbidity could be used as a surrogate to estimate FIB and 
suspended solids. Using a surrogate such as turbidity to estimate FIB and suspended solids 
is cheaper and more straightforward than enumerating FIB. When the threshold set for the 
surrogate is exceeded, then, a detailed analysis of the parameters is carried out promptly. 
 
The next step is to identify the most important parameters and surrogates that are to be 
included in the adaptive chemo-physical and microbial water quality long-term monitoring 
programme. For example, if a particular stream or monitoring site has not been identified 
as having phages of Bacteroides (GB-124) or thermotolerant coliforms impairment in the 
past, phages of Bacteroides (GB-124) or thermotolerant coliforms would not be sampled as 
frequently until possible impairment is suspected or identified. An adaptive monitoring 
programme could result in significant savings in cost and time in that only those 
parameters that are present at levels associated with an increased risk to health at a 
particular monitoring site will be analysed regularly, while the other parameters could be 
analysed perhaps once every three months where there are four seasons or once in six 
months where there are only two seasons. 
 
6.4.8 Modelling as an ‘early warning’ system of microbial water quality 
 
Models developed using explanatory parameters (such as turbidity and temperature) and 
their interactions can provide estimates of viral water quality in real-time. A combination 
of pathogen monitoring and modelling will further the protection of public health (Wong et 
al., 2009). The new EU Directive for the Management of Bathing Water Quality 
(2007/EC) lays more emphasis on informing the public in real-time. For example, 
swimmers should be warned when the bathing water quality is expected to exceed 
thermotolerant coliforms and/or presumptive intestinal enterococci threshold values by 
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using an early warning system (Van der Wielen et al., 2009). To predict microbial water 
quality within a particular river catchment, developing and validating multiple regression 
models that could predict exceedance of the threshold value for thermotolerant coliforms 
and presumptive intestinal enterococci is highly recommended, as prediction will save time 
to save lives. To obtain early indication of microbial contamination detection to protect 
public health, monitoring programmes and modelling needs should, therefore, be 
integrated.  
 
6.4.9 Water Safety Plans (WSP) 
 
An approach that uses a comprehensive risk assessment and risk management to ensure 
that the safety of drinking-water supply from catchment to consumer is consistent is 
termed a Water Safety Plan (WSP) (WHO, 2005). Such WSP consist of three core 
elements: a system assessment, identification of control measures and associated 
monitoring, and management. QMST has a crucial role to play in future WSP. QMST can 
assist in identifying and characterising potential sources of microbial contaminants, 
monitoring, and verifying whether treatment processes are effective. Some of the elements 
(sanitary survey and ground truthing, mandatory fortnightly sampling, identification of 
potential PS and NPS of microbial pollutants, and adaptive microbial water quality 
monitoring) of the proposed decision-tree approach (Figure 6.1) would support the hazard 
assessment stage of any WSP. Therefore, QMST and routine monitoring of river 
catchments could be an integral part of all WSP. 
 
6.4.10 Calibration and validation of predictive multiple regression models 
 
The predictive models generated during this study were not validated; hence, there is the 
need for the models to be validated using data collected over a 12-month period from the 
sampling sites that were used in this study. Model evaluation is crucial to modelling. 
According to Smith and Smith (2007) a thorough evaluation of a model will do the 
following three things: determine the accuracy of the model, analyse the behaviour of the 
model, and resolve which components of the model are most important in determining the 
results. Research work by the University of Brighton‟s Environment & Public Health 
Research Unit (EPHRU) staff continues on the River Ouse catchment as part of the EU 
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Interreg project AquaManche (2009-2012), so it is hoped that validation of the models and 
further work on microbial hazard mapping will occur. 
 
6.5 Recommendations for further research 
 
6.5.1 Phages of Bacteroides (GB-124) and quantitative microbial risk assessment  
 
Phages infecting Bacteroides (GB-124) have been successfully used to distinguish human 
and non-human sources of faecal contamination in municipal wastewater (MW) samples 
from south-east and north England, Denmark, Spain, Sicily, and Uganda (Ebdon et al., 
2007), however, the correlation between phages of Bacteroides (GB-124) and human 
enteric viruses have yet to be studied in detail (Ebdon et al., 2007). To extend the role of 
phages of Bacteroides (GB-124) from QMST to quantitative microbial risk assessment 
(QMRA) in the future, further research is recommended in order to determine the 
correlation between phages of Bacteroides (GB-124), and human enteric viruses and/or 
pathogenic bacteria such as pathogenic E. coli, noroviruses and adenoviruses. 
 
6.5.2 Quantification of microbial loading (apportionment) and TMDL 
 
More research is necessary to quantify microbial loading, to understand and characterise 
the major sources of faecal pollution (identification, location, and size of each potential 
hazard) to the entire River Ouse system and establish total maximum daily loads (TMDL) 
for FIB for each stream in the River Ouse catchment. 
 
6.5.3 Integrated health early warning system 
 
Research into an integrated water-related diseases early warning system based on 
integrating QMST, QMRA, spatial water-related disease “hotspot” analysis, and risk 
mapping of water-related disease outbreaks and potential outbreaks should be conducted. 
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6.5.4 Turbidity as a proxy for microbial water quality 
 
Employing turbidity measurements as a surrogate for thermotolerant coliforms in microbial 
water quality monitoring has been suggested in this study based on the positive significant 
correlation between thermotolerant coliforms and turbidity, however, the actual 
mechanisms governing FIB transport to the stream, and in-channel movement are still 
unclear or are fragmentary. Therefore, there is the need for further examination of the 
correlation, and how erosion and fluvial processes affect the survival and movement of 
FIB. 
 
6.5.5 Controls on event runoff coefficients and antecedent soil moisture 
 
The portion of rainfall in a river catchment that becomes direct runoff (runoff coefficient) 
during an event is an important parameter for catchment response. Analysis of event runoff 
coefficients may provide essential insight on how a catchment interacts with rainfall to 
generate runoff, and the role of antecedent soil moisture conditions on the spatio-temporal 
variability of event runoff coefficients (Merz and Blöschl, 2009). Though quite important 
in determining amount of runoff, an evaluation of the role of antecedent soil moisture 
conditions was not done in this study. Therefore, there is the need to investigate subsurface 
water storage capacity and initial wetness status, which determine the impact of antecedent 
soil moisture on runoff amounts. 
 
6.5.6 The ratio of phages of Bacteroides (GB-124) to somatic coliphages and 
discrimination between sources of faecal contamination  
 
During this study, ratios of phages of Bacteroides (GB-124) to somatic coliphages were 
investigated to find out whether it was possible to differentiate water samples impacted by 
human faeces based on the ratios. Of 25 samples collected at Spatham Lane (downstream 
of a WWTW), phages of Bacteroides (GB-124) and somatic coliphages were detected in 
19 (76%) samples. Of the 19 samples, 15 (60%) had a ratio of 1: 2 each and four (16%) 
had a ratio of 1: 1 each. Given that this sampling site receives faecal contamination from 
predominantly a human source, the ratio 1: 2 could potentially be indicative of faecal 
contamination from humans. Since these findings were not conclusive, further research is 
needed. 
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APPENDICES 
 
Appendix 1 The effect of storage conditions on microbiological levels 
 
Thermotolerant coliforms 
 
Sampling site 
4ºC within 4 hours 
(cfu/100 ml) 
-20 ºC  
(cfu/100 ml) 
-80 ºC  
(cfu/100 ml) 
Wales Farm 1.2x103 3.0x102 5.0x102 
Lindfield 2.0x103 2.0x102 1.0x102 
Scaynes Hill 3.0x103 7.0x102 00 
Sheffield Park 2.8x103 2.0x102 2.0x102 
Ditchling 2.0x103 00 00 
 
Total coliforms 
 
Sampling site 
4ºC within 4 hours 
(cfu/100 ml) 
-20 ºC  
(cfu/100 ml) 
-80 ºC  
(cfu/100 ml) 
Wales Farm 4.3x103 1.08x104 5.9x103 
Lindfield 1.2x104 1.7x103 1.0x103 
Scaynes Hill 1.84x104 2.9x103 2.0x102 
Sheffield Park 1.65x104 2.3x103 6.0x102 
Ditchling 1.9x103 3.0x102 5.0x102 
 
Presumptive intestinal enterococci 
 
Sampling site 
4ºC within 4 hours 
(cfu/100 ml) 
-20 ºC 
(cfu/100 ml) 
-80 ºC 
(cfu/100 ml) 
Wales Farm 5.9x103 1.1x103 1.0x102 
Lindfield 1.0x102 3.0x102 00 
Scaynes Hill 3.0x102 4.0x102 2.0x102 
Sheffield Park 1.0x103 2.0x102 1.0x102 
Ditchling 1.0x102 1.0x102 00 
 
Appendix 2 The effect of storage conditions on nutrients concentration 
 
Ammoniacal-nitrogen 
 
Sampling site 
4ºC within 4 hours 
(mg/L) 
-20 ºC 
(mg/L) 
-80 ºC 
(mg/L) 
Wales Farm 0.23 0.15 0.19 
Lindfield 0.26 0.21 0.20 
Scaynes Hill 0.24 0.22 0.28 
Sheffield Park 0.22 0.19 0.23 
Ditchling 0.03 0.01 0.01 
 
 
 
 
 
 
 
207 
 
Nitrate-nitrogen 
 
Sampling site 
4ºC within 4 hours 
(mg/L) 
-20 ºC 
(mg/L) 
-80 ºC 
(mg/L) 
Wales Farm 7.00 3.40 0.77 
Lindfield 0.30 2.90 0.36 
Scaynes Hill 0.10 3.40 0.35 
Sheffield Park 0.10 0.20 0.30 
Ditchling 0.30 4.50 0.01 
 
Orthophosphate 
 
Sampling site 
4ºC within 4 hours 
(mg/L) 
-20 ºC 
(mg/L) 
-80 ºC 
(mg/L) 
Wales Farm 0.74 0.92 0.40 
Lindfield 0.39 0.55 0.50 
Scaynes Hill 0.58 0.73 0.65 
Sheffield Park 0.62 0.67 0.73 
Ditchling 0.22 0.11 0.19 
 
Appendix 3 The effect of storage conditions on chemo-physical levels 
 
Conductivity 
 
Sampling site 
4ºC within 4 hours 
(μS) 
-20 ºC 
(μS) 
-80 ºC 
(μS) 
Wales Farm 64 122 92 
Lindfield 3 47 40 
Scaynes Hill 16 46 44 
Sheffield Park 17 46 45 
Ditchling 60 69 73 
 
Redox potential 
 
Sampling site 
4ºC within 4 hours 
(Mv) 
-20 ºC 
(Mv) 
-80 ºC 
(Mv) 
Wales Farm 159 204 235 
Lindfield 162 186 218 
Scaynes Hill 170 183 217 
Sheffield Park 173 186 221 
Ditchling 164 201 232 
 
pH 
Sampling site 4ºC within 4 hours  -20 ºC -80 ºC 
Wales Farm 7.1 7.4 7.3 
Lindfield 7.0 7.8 7.8 
Scaynes Hill 6.9 7.7 7.9 
Sheffield Park 6.9 7.5 7.7 
Ditchling 7.6 6.9 7.5 
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Temperature and dissolved oxygen measured on site on the 
 Day of samples collection 
Sampling site Temperature (ºC) Dissolved oxygen (mg/L) 
Wales Farm 13.6 6.6 
Lindfield 9.5 7.8 
Scaynes Hill 10.3 7.3 
Sheffield Park 9.4 6.8 
Ditchling 9.8 6.6 
 
Appendix 4 Storm event dataset 
 
Storm event microbial levels at Wales Farm 
Sampling date Time TTC ENT GB-124 C P SoC 
7 July 2008 
 
AM 408000 170000 00 3000 43200 
PM 812000 124000 00 4500 52000 
8 July 2008 
 
AM 73000 186000 00 500 52000 
PM 20000 114000 00 4200 35600 
9 July 2008 
 
AM 107000 92000 00 2400 45600 
PM 40000 226000 00 6400 61600 
10 July 2008 
 
AM 90000 91000 00 1300 96800 
PM 244000 100000 00 1200 49600 
11 July 2008 
 
AM 42000 77000 00 700 52800 
PM 14500 31000 00 600 28400 
12 July 2008 
 
AM 6000 22500 00 200 31200 
PM 30500 6900 00 500 5700 
13 July 2008 
 
AM 31000 7100 00 3000 15600 
PM 45000 39600 00 400 72800 
14 July 2008 AM 35000 26800 00 4000 75200 
 
Storm event microbial levels at Spatham Lane 
Sampling date Time TTC ENT GB-124 C P SoC 
7 July 2008 
 
AM 29200 9500 00 3850 41600 
PM 79200 29200 100 2700 61600 
8 July 2008 
 
AM 10000 20800 00 700 40000 
PM 3600 10800 100 1100 10100 
9 July 2008 
 
AM 900 1300 00 1100 11300 
PM 29200 13000 100 1800 60400 
10 July 2008 
 
AM 9900 14400 00 2000 46800 
PM 650 1000 100 1500 23000 
11 July 2008 
 
AM 700 800 100 500 11400 
PM 550 350 00 400 25600 
12 July 2008 
 
AM 500 400 00 1400 13200 
PM 350 500 00 1700 28000 
13 July 2008 
 
AM 250 400 00 400 20000 
PM 250 200 00 100 33600 
14 July 2008 AM 400 500 100 1100 36000 
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Storm event microbial levels at Clapper’s Bridge 
Sampling date Time TTC ENT GB-124 C P SoC 
7 July 2008 
 
AM 10800 1100 00 350 4200 
PM 38400 19200 200 1500 48400 
8 July 2008 
 
AM 8000 37600 00 700 52000 
PM 26800 13600 00 700 34800 
9 July 2008 
 
AM 3150 2950 00 900 34000 
PM 8450 7700 00 1000 62400 
10 July 2008 
 
AM 7950 11600 00 300 48000 
PM 3100 4300 100 200 42800 
11 July 2008 
 
AM 1800 900 200 100 51200 
PM 500 450 100 100 23200 
12 July 2008 
 
AM 600 400 100 200 16000 
PM 1950 450 00 400 16000 
13 July 2008 
 
AM 1000 1100 00 500 9800 
PM 2050 300 100 500 14400 
14 July 2008 AM 2550 700 00 600 1700 
 
Storm event chemo-physical concentrations at Wales Farm 
Sampling date Time SS Cond. Turbidity Temp. DO Redox pH 
7 July 2008 
 
AM 130.9 403 148 14.7 4.89 92 7.4 
PM 178.18 1 138 14.4 4.36 1 1 
8 July 2008 
 
AM 55 318 53.6 13.6 3.76 103 7.8 
PM 33 314 29.6 14.6 5.5 126 7.7 
9 July 2008 
 
AM 33 243 26 13.6 4.95 132 7.7 
PM 64 359 72 15 4.14 126 7.5 
10 July 2008 
 
AM 26 272 15.7 14.4 4.39 133 7.7 
PM 16 165 9.25 14.1 5.1 115 7.8 
11 July 2008 
 
AM 15 185 8.43 13.9 5.05 121 7.8 
PM 9 208 6.18 13.5 5.15 122 7.9 
12 July 2008 
 
AM 11 202 4.85 13.1 4.46 124 7.8 
PM 4 116 3.4 13.1 5.32 108 8 
13 July 2008 
 
AM 34 143 3.69 13.2 4.97 116 7.9 
PM 51 226 30.8 13.7 3.01 129 7.8 
14 July 2008 AM 41 221 24.4 13.3 2.99 130 7.9 
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Storm event chemo-physical concentrations at Clapper’s Bridge 
Sampling date Time SS Cond. Turbidity Temp. DO Redox pH 
7 July 2008 
 
AM 5 235 9.82 14.8 6.77 163 7.8 
PM 28 1 43.9 15.2 5.64 1 1 
8 July 2008 
 
AM 24 562 36.4 14.8 4.4 80 8.1 
PM 46 122 27 15.5 5.42 111 8 
9 July 2008 
 
AM 25 97 19 14.6 4.35 124 7.8 
PM 40 121 37.1 15.4 5.15 116 7.8 
10 July 2008 
 
AM 36 125 32 15.6 5.35 119 7.8 
PM 34 111 32.3 16.1 5.12 95 8.1 
11 July 2008 
 
AM 26 98 25 15.9 4.97 113 8 
PM 27 154 23.8 16.4 4.9 89 8.1 
12 July 2008 
 
AM 37 109 17.3 15.1 4.7 105 8 
PM 36 99 13.2 15.8 4.96 90 8.1 
13 July 2008 
 
AM 25 135 13.9 14.5 4.94 108 8 
PM 42 177 24.9 15.9 5.25 114 8.1 
14 July 2008 AM 28 159 19.6 14.3 5.03 127 8 
 
Storm event chemo-physical concentrations at Spatham Lane 
Sampling date Time SS Cond. Turbidity Temp. DO Redox pH 
7 July 2008 
 
26 241 12.9 15.4 4.6 175 7.5 26 
16 1 13 15.9 4.76 1 1 16 
8 July 2008 
 
8 114 7.44 14.7 4.72 94 7.9 8 
24 93 7.89 15.3 5.58 117 7.8 24 
9 July 2008 
 
16 134 6.53 14.7 5.7 126 7.8 16 
21 101 11.5 16.1 3.64 121 7.6 21 
10 July 2008 
 
20 64 9.48 15.5 4.36 125 7.6 20 
16 87 6.58 16.7 4.6 108 7.9 16 
11 July 2008 
 
14 75 6.09 15.6 5.08 115 7.9 14 
13 130 4.95 16 4.88 109 7.9 13 
12 July 2008 
 
16 56 4.69 14.3 5.5 113 7.9 16 
34 69 3.92 15 5.03 102 8 34 
13 July 2008 
 
6 73 4.28 13.7 5.54 109 8 6 
23 161 5.53 16.5 4.96 123 7.9 23 
14 July 2008 15 196 5.38 13.9 5.68 129 7.9 15 
 
Appendix 2a KMO and Bartlett's Test for storm event dataset at all three  
                       sampling sites 
Kaiser-Meyer-Olkin Measure of Sampling Adequacy. 
.639 
Bartlett's Test of Sphericity Approx. Chi-Square 432.958 
  df 78 
  Sig. .000 
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 Appendix 2b Screeplot and component matrix of event dataset for all the three stations 
Component Number
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Component Matrix (a) for all the three stations  
  Component 
  1 2 3 
Thermotolerant coliforms .912 -.125 -.110 
Presumptive intestinal enterococci .898 -.253 -.004 
pH -.777 .114 .381 
Clostridium perfringens .658 -.104 -.204 
Turbidity .654 .341 .471 
Somatic coliphages .613 .105 .366 
Suspended solids .565 .304 .555 
Rainfall .402 .105 -.072 
Conductivity -.246 -.740 .528 
Phages of Bacteroides (GB-124) -.304 .712 .152 
Redox potential -.466 -.703 .462 
Temperature -.306 .687 .373 
Dissolved oxygen -.468 .185 -.476 
Extraction Method: Principal Component Analysis. a  3 components extracted. 
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Appendix 6 12 months dataset (October 2007 – September 2008)
DATE SITE 
TTC 
(CFU/100ml) 
ENT 
(CFU/100ml) 
Perfringens 
(PFU/100ml) 
SoC 
(PFU/100ml) 
Bacteroides 
(PFU/100ml) 
HPC 
(CFU/100ml) 
01/10/2007 Barcombe Mill 1050 500 0 9600 1000 880000 
15/10/2007 Barcombe Mill 150 0 100 3600 200 140000 
29/10/2007 Barcombe Mill 100 100 0 4800 200 500000 
12/11/2007 Barcombe Mill 100 100 0 6800 100 2400000 
26/11/2007 Barcombe Mill 400 100 0 5700 400 415000 
10/12/2007 Barcombe Mill 1100 600 0 4800 400 650000 
07/01/2008 Barcombe Mill 1700 700 0 13000 100 1120000 
21/01/2008 Barcombe Mill 700 350 0 3600 100 910000 
04/02/2008 Barcombe Mill 900 450 0 6000 500 1200000 
18/02/2008 Barcombe Mill 950 350 0 7400 100 225000 
03/03/2008 Barcombe Mill 250 100 100 8500 200 585000 
17/03/2008 Barcombe Mill 3100 1500 300 7900 100 2260000 
31/03/2008 Barcombe Mill 800 1000 250 6500 200 1605000 
14/04/2008 Barcombe Mill 100 0 100 5700 0 300000 
28/04/2008 Barcombe Mill 100 100 100 6100 500 135000 
12/05/2008 Barcombe Mill 100 0 0 2000 200 75000 
26/05/2008 Barcombe Mill 500 300 100 5300 200 350000 
09/06/2008 Barcombe Mill 200 200 0 4200 300 325000 
24/06/2008 Barcombe Mill 200 100 300 1900 200 4200 
07/07/2008 Barcombe Mill 700 300 100 5100 0 375000 
21/07/2008 Barcombe Mill 400 900 0 900 300 1 
04/08/2008 Barcombe Mill 900 500 100 2600 100 145000 
18/08/2008 Barcombe Mill 300 550 0 1200 200 390000 
01/09/2008 Barcombe Mill 100 7700 200 2100 0 125000 
15/09/2008 Barcombe Mill 1250 22400 200 5700 300 425000 
        
01/10/2007 Clappers 3100 1550 0 60000 2500 6000000 
15/10/2007 Clappers 800 300 100 12400 1300 750000 
29/10/2007 Clappers 2300 870 0 5100 300 1000000 
12/11/2007 Clappers 550 200 0 20800 900 3950000 
26/11/2007 Clappers 950 100 0 5200 500 2080000 
10/12/2007 Clappers 5800 500 200 3400 200 3600000 
07/01/2008 Clappers 1500 450 100 15200 400 1260000 
21/01/2008 Clappers 400 100 0 1600 0 935000 
04/02/2008 Clappers 4000 2700 0 34000 500 2500000 
18/02/2008 Clappers 1900 500 450 15400 200 500000 
03/03/2008 Clappers 200 100 0 1700 600 1125000 
17/03/2008 Clappers 2900 1100 100 2300 300 2420000 
31/03/2008 Clappers 550 550 300 2900 100 860000 
14/04/2008 Clappers 100 100 250 1800 0 155000 
28/04/2008 Clappers 300 100 300 4600 200 180000 
12/05/2008 Clappers 250 100 400 5400 200 370000 
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26/05/2008 Clappers 82000 33200 1050 32000 100 2840000 
09/06/2008 Clappers 1450 900 200 8000 600 880000 
24/06/2008 Clappers 1500 1200 200 7600 0 12800 
07/07/2008 Clappers 10800 1100 350 4200 0 700000 
21/07/2008 Clappers 550 600 0 6500 300 1 
04/08/2008 Clappers 4200 1300 450 19200 300 400000 
18/08/2008 Clappers 1550 1000 100 78800 0 770000 
01/09/2008 Clappers 500 6550 200 13000 0 1160000 
15/09/2008 Clappers 1350 12300 100 4400 200 375000 
        
01/10/2007 Ditchling 4000 4200 0 400 200 1400000 
15/10/2007 Ditchling 750 100 0 200 200 1175000 
29/10/2007 Ditchling 1750 1080 0 300 100 3750000 
12/11/2007 Ditchling 100 100 0 300 200 2300000 
26/11/2007 Ditchling 100 40 0 0 500 1400000 
10/12/2007 Ditchling 100 100 0 200 300 525000 
07/01/2008 Ditchling 300 100 0 0 300 400000 
21/01/2008 Ditchling 120 100 0 0 0 2560000 
04/02/2008 Ditchling 750 300 100 300 0 650000 
18/02/2008 Ditchling 150 100 50 0 100 50000 
03/03/2008 Ditchling 200 100 0 100 100 700000 
17/03/2008 Ditchling 100 300 0 0 0 2520000 
31/03/2008 Ditchling 200 100 100 0 0 780000 
14/04/2008 Ditchling 200 100 0 400 0 585000 
28/04/2008 Ditchling 400 0 0 0 100 960000 
12/05/2008 Ditchling 200 0 0 400 0 1760000 
26/05/2008 Ditchling 34400 26400 600 12100 0 2600000 
09/06/2008 Ditchling 350 400 0 100 200 1050000 
24/06/2008 Ditchling 250 150 0 300 0 7000 
07/07/2008 Ditchling 2600 9200 300 14000 0 1000000 
21/07/2008 Ditchling 350 300 200 0 0 1 
04/08/2008 Ditchling 2550 9000 100 300 0 1920000 
18/08/2008 Ditchling 6800 4500 100 100 100 1940000 
01/09/2008 Ditchling 100 1200 0 600 0 3120000 
15/09/2008 Ditchling 150 9400 100 500 0 175000 
        
01/10/2007 Goldbridge 1300 2100 0 11000 1500 6000000 
15/10/2007 Goldbridge 900 100 0 5400 100 175000 
29/10/2007 Goldbridge 1200 625 0 8300 200 850000 
12/11/2007 Goldbridge 550 750 0 8700 600 3750000 
26/11/2007 Goldbridge 3200 550 0 6200 300 2880000 
10/12/2007 Goldbridge 2600 400 0 5100 300 900000 
07/01/2008 Goldbridge 2550 1000 0 12500 700 1400000 
21/01/2008 Goldbridge 1850 500 100 7000 200 1025000 
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04/02/2008 Goldbridge 950 500 300 11100 200 605000 
18/02/2008 Goldbridge 5400 700 350 11700 200 930000 
03/03/2008 Goldbridge 1400 300 0 14600 200 1100000 
17/03/2008 Goldbridge 2650 1650 800 6400 600 2200000 
31/03/2008 Goldbridge 650 1100 450 4700 100 1750000 
14/04/2008 Goldbridge 800 700 200 8000 0 500000 
28/04/2008 Goldbridge 400 100 150 12900 200 630000 
12/05/2008 Goldbridge 1700 200 300 7200 200 870000 
26/05/2008 Goldbridge 15000 2700 400 15300 300 1420000 
09/06/2008 Goldbridge 250 250 0 6800 200 550000 
24/06/2008 Goldbridge 650 400 100 1100 0 10400 
07/07/2008 Goldbridge 16000 1300 600 2700 0 450000 
21/07/2008 Goldbridge 150 100 300 3200 0 1 
04/08/2008 Goldbridge 1700 550 200 10100 200 155000 
18/08/2008 Goldbridge 4300 850 100 13100 0 295000 
01/09/2008 Goldbridge 850 3400 100 5500 0 405000 
15/09/2008 Goldbridge 750 12600 200 8300 0 500000 
        
01/10/2007 Isfield 2100 1950 0 4400 1100 1400000 
15/10/2007 Isfield 350 100 0 6200 300 150000 
29/10/2007 Isfield 800 150 0 6700 200 550000 
12/11/2007 Isfield 150 0 0 5100 300 2750000 
26/11/2007 Isfield 300 100 0 3600 200 880000 
10/12/2007 Isfield 2600 200 100 4800 300 1050000 
07/01/2008 Isfield 900 700 0 5600 700 1200000 
21/01/2008 Isfield 550 200 0 4200 400 940000 
04/02/2008 Isfield 1450 650 0 5200 200 1400000 
18/02/2008 Isfield 600 200 200 6200 100 975000 
03/03/2008 Isfield 600 100 0 7000 0 285000 
17/03/2008 Isfield 850 450 200 4900 100 605000 
31/03/2008 Isfield 250 1800 200 1700 0 925000 
14/04/2008 Isfield 200 100 0 6500 0 200000 
28/04/2008 Isfield 300 100 250 3300 200 375000 
12/05/2008 Isfield 600 150 0 1900 500 245000 
26/05/2008 Isfield 700 1150 100 7500 200 800000 
09/06/2008 Isfield 300 1500 0 4700 0 330000 
24/06/2008 Isfield 100 400 100 800 100 6300 
07/07/2008 Isfield 350 300 0 5400 0 500000 
21/07/2008 Isfield 800 150 100 500 0 1 
04/08/2008 Isfield 300 900 0 4100 100 135000 
18/08/2008 Isfield 1500 700 200 2600 100 265000 
01/09/2008 Isfield 650 3950 0 1800 100 675000 
15/09/2008 Isfield 1250 9200 100 17000 100 400000 
        
215 
 
01/10/2007 Lindfield 700 350 0 300 300 600000 
15/10/2007 Lindfield 600 100 0 4800 500 304000 
29/10/2007 Lindfield 850 470 0 1200 300 1250000 
12/11/2007 Lindfield 400 150 0 100 100 2300000 
26/11/2007 Lindfield 550 150 0 3200 200 1840000 
10/12/2007 Lindfield 750 400 0 4000 200 1010000 
07/01/2008 Lindfield 2850 1200 0 3600 800 860000 
21/01/2008 Lindfield 1000 700 0 7600 100 745000 
04/02/2008 Lindfield 700 250 0 2300 100 1060000 
18/02/2008 Lindfield 200 150 0 800 700 155000 
03/03/2008 Lindfield 140 350 0 1600 0 335000 
17/03/2008 Lindfield 650 800 100 1300 0 1560000 
31/03/2008 Lindfield 300 450 100 800 0 1170000 
14/04/2008 Lindfield 250 0 100 400 0 300000 
28/04/2008 Lindfield 100 0 0 400 300 205000 
12/05/2008 Lindfield 100 0 0 300 300 830000 
26/05/2008 Lindfield 400 1400 100 2900 100 800000 
09/06/2008 Lindfield 300 1200 0 1800 0 550000 
24/06/2008 Lindfield 0 200 0 2200 100 5300 
07/07/2008 Lindfield 1600 1050 400 400 200 700000 
21/07/2008 Lindfield 250 550 0 400 0 1 
04/08/2008 Lindfield 650 550 100 1000 0 210000 
18/08/2008 Lindfield 300 750 0 300 0 215000 
01/09/2008 Lindfield 300 29400 0 400 
 
515000 
15/09/2008 Lindfield 350 5500 100 2900 0 150000 
        
01/10/2007 Longford 3900 1250 0 700 200 600000 
15/10/2007 Longford 1150 150 0 1600 0 250000 
29/10/2007 Longford 600 535 0 900 100 750000 
12/11/2007 Longford 800 350 0 800 200 6550000 
26/11/2007 Longford 300 100 0 1600 400 345000 
10/12/2007 Longford 750 400 0 3100 300 900000 
07/01/2008 Longford 650 450 0 600 200 1020000 
21/01/2008 Longford 150 40 0 100 0 265000 
04/02/2008 Longford 1200 300 0 7000 100 6000000 
18/02/2008 Longford 100 15 50 100 100 140000 
03/03/2008 Longford 200 100 100 1600 0 120000 
17/03/2008 Longford 2250 2000 200 11000 0 5840000 
31/03/2008 Longford 700 2000 250 3200 0 1620000 
14/04/2008 Longford 100 100 100 500 200 150000 
28/04/2008 Longford 300 0 50 1400 100 90000 
12/05/2008 Longford 750 200 100 2700 100 260000 
26/05/2008 Longford 45600 15200 300 9600 300 1600000 
09/06/2008 Longford 600 550 100 5900 100 275000 
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24/06/2008 Longford 100 400 0 1100 0 6000 
07/07/2008 Longford 1500 400 0 5200 400 720000 
21/07/2008 Longford 350 350 0 1400 0 1 
04/08/2008 Longford 1200 1350 0 4300 0 75000 
18/08/2008 Longford 1250 2100 0 200 200 100000 
01/09/2008 Longford 450 16000 0 600 
 
340000 
15/09/2008 Longford 350 13900 0 2800 0 200000 
        
01/10/2007 Plumpton 2700 1800 0 5300 100 1800000 
15/10/2007 Plumpton 650 250 0 1300 0 395000 
29/10/2007 Plumpton 2500 1820 0 3800 700 5000000 
12/11/2007 Plumpton 200 150 0 100 200 5800000 
26/11/2007 Plumpton 300 100 0 1000 500 1440000 
10/12/2007 Plumpton 600 250 100 3300 600 915000 
07/01/2008 Plumpton 1500 4850 100 5500 200 1440000 
21/01/2008 Plumpton 600 40 0 700 100 755000 
04/02/2008 Plumpton 7000 7200 0 9900 100 2120000 
18/02/2008 Plumpton 1850 800 300 13600 600 800000 
03/03/2008 Plumpton 350 500 0 3500 100 520000 
17/03/2008 Plumpton 600 350 0 3200 200 1780000 
31/03/2008 Plumpton 1900 2100 150 5500 0 675000 
14/04/2008 Plumpton 300 100 0 100 200 300000 
28/04/2008 Plumpton 60 100 50 500 500 155000 
12/05/2008 Plumpton 800 200 0 2000 0 1810000 
26/05/2008 Plumpton 48800 20800 450 30500 200 3120000 
09/06/2008 Plumpton 1200 500 100 1800 0 880000 
24/06/2008 Plumpton 900 800 100 2300 0 12100 
07/07/2008 Plumpton 29200 45200 400 17500 100 1020000 
21/07/2008 Plumpton 550 850 300 700 0 1 
04/08/2008 Plumpton 2450 2050 100 7600 0 530000 
18/08/2008 Plumpton 9750 7950 0 9200 400 1460000 
01/09/2008 Plumpton 1400 6550 0 1000 
 
705000 
15/09/2008 Plumpton 2000 6000 100 4200 200 300000 
        
01/10/2007 Scaynes Hill 1400 800 200 14200 2500 1200000 
15/10/2007 Scaynes Hill 600 100 0 1700 500 300000 
29/10/2007 Scaynes Hill 1350 670 100 5900 300 500000 
12/11/2007 Scaynes Hill 100 200 100 7100 400 3700000 
26/11/2007 Scaynes Hill 2000 200 200 5900 400 5240000 
10/12/2007 Scaynes Hill 3400 300 200 5900 400 700000 
07/01/2008 Scaynes Hill 4100 1250 100 11000 500 800000 
21/01/2008 Scaynes Hill 2150 900 0 7100 200 1800000 
04/02/2008 Scaynes Hill 650 300 200 7700 0 610000 
18/02/2008 Scaynes Hill 5500 1600 600 8900 600 1010000 
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03/03/2008 Scaynes Hill 1100 750 200 14700 100 1200000 
17/03/2008 Scaynes Hill 1500 1500 400 6300 300 1510000 
31/03/2008 Scaynes Hill 1200 1000 300 4000 0 1535000 
14/04/2008 Scaynes Hill 1000 250 300 7500 100 800000 
28/04/2008 Scaynes Hill 300 200 250 11500 200 930000 
12/05/2008 Scaynes Hill 650 250 150 11900 100 210000 
26/05/2008 Scaynes Hill 26000 16000 2500 15200 600 2100000 
09/06/2008 Scaynes Hill 900 700 200 5900 400 380000 
24/006/2008 Scaynes Hill 200 500 100 16100 100 4400 
07/07/2008 Scaynes Hill 16000 3600 200 12500 0 500000 
21/07/2008 Scaynes Hill 1000 350 0 1900 100 1 
04/08/2008 Scaynes Hill 1500 1050 100 7100 0 255000 
18/08/2008 Scaynes Hill 1350 1200 300 14400 300 580000 
01/09/2008 Scaynes Hill 850 19600 300 7600 
 
1400000 
15/09/2008 Scaynes Hill 150 5800 200 6000 100 100000 
        
01/10/2007 Sheffield Park 1000 300 0 10200 800 1200000 
15/10/2007 Sheffield Park 800 200 100 5500 200 345000 
29/10/2007 Sheffield Park 1050 630 0 10600 800 1000000 
12/11/2007 Sheffield Park 150 100 0 11500 400 1300000 
26/11/2007 Sheffield Park 2000 400 200 7100 200 3700000 
10/12/2007 Sheffield Park 4700 500 0 4300 200 575000 
07/01/2008 Sheffield Park 4100 1300 200 12000 3000 1000000 
21/01/2008 Sheffield Park 1400 1000 0 5400 0 1560000 
04/02/2008 Sheffield Park 550 400 0 11500 200 675000 
18/02/2008 Sheffield Park 4550 1600 650 10800 1000 2800000 
03/03/2008 Sheffield Park 1150 600 100 13700 300 675000 
17/03/2008 Sheffield Park 2200 1850 700 7400 400 2080000 
31/03/2008 Sheffield Park 600 1100 400 4000 0 925000 
14/04/2008 Sheffield Park 750 300 150 7000 200 375000 
28/04/2008 Sheffield Park 200 250 50 10100 100 605000 
12/05/2008 Sheffield Park 100 200 150 11200 600 775000 
26/05/2008 Sheffield Park 34000 5700 1050 17200 400 1500000 
09/06/2008 Sheffield Park 700 400 300 17600 200 630000 
24/06/2008 Sheffield Park 150 300 100 13500 100 3600 
07/07/2008 Sheffield Park 3200 1500 350 7500 0 920000 
21/07/2008 Sheffield Park 300 350 100 6000 0 1 
04/08/2008 Sheffield Park 1000 800 200 11800 100 270000 
18/08/2008 Sheffield Park 850 800 150 9500 300 215000 
01/09/2008 Sheffield Park 400 20200 2400 11200 
 
470000 
15/09/2008 Sheffield Park 100 20600 0 10000 0 100000 
        
01/10/2007 Spatham Lane 3550 2500 600 40000 300 6000000 
15/10/2007 Spatham Lane 1950 300 0 700 600 680000 
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29/10/2007 Spatham Lane 5950 1650 100 20800 200 1800000 
12/11/2007 Spatham Lane 800 100 200 40000 100 9900000 
26/11/2007 Spatham Lane 600 100 0 44800 600 2880000 
10/12/2007 Spatham Lane 27000 1750 200 9800 100 510000 
07/01/2008 Spatham Lane 3350 2350 0 14000 300 1400000 
21/01/2008 Spatham Lane 100 100 0 14800 0 1960000 
04/02/2008 Spatham Lane 3250 7750 100 9500 800 2600000 
18/02/2008 Spatham Lane 500 40 350 12300 300 305000 
03/03/2008 Spatham Lane 40 100 100 1700 200 475000 
17/03/2008 Spatham Lane 2500 700 500 5500 100 1760000 
31/03/2008 Spatham Lane 800 800 600 4000 0 600000 
14/04/2008 Spatham Lane 200 150 350 8000 100 200000 
28/04/2008 Spatham Lane 150 0 350 32000 1400 900000 
12/05/2008 Spatham Lane 2150 100 550 36000 100 1910000 
26/05/2008 Spatham Lane 60800 39600 2850 59200 600 2800000 
09/06/2008 Spatham Lane 200 450 1300 56400 0 1565000 
24/06/2008 Spatham Lane 500 250 1500 32000 100 13800 
07/07/2008 Spatham Lane 29200 9500 3850 41600 0 3200000 
21/07/2008 Spatham Lane 8200 400 950 20300 0 1 
04/08/2008 Spatham Lane 1450 850 950 20000 100 300000 
18/08/2008 Spatham Lane 29200 9550 2300 42800 800 1580000 
01/09/2008 Spatham Lane 2250 3500 1700 17400 
 
780000 
15/09/2008 Spatham Lane 100 23200 700 11600 100 100000 
        
01/10/2007 Streat Lane 1000 500 0 6500 200 1400000 
15/10/2007 Streat Lane 700 100 100 5500 500 480000 
29/10/2007 Streat Lane 12500 3800 100 18000 500 6000000 
12/11/2007 Streat Lane 800 150 0 7600 400 3500000 
26/11/2007 Streat Lane 350 100 100 27400 400 2200000 
10/12/2007 Streat Lane 8550 1100 200 5200 800 1020000 
07/01/2008 Streat Lane 1250 1000 400 8800 100 700000 
21/01/2008 Streat Lane 200 150 100 7200 100 970000 
04/02/2008 Streat Lane 4600 5400 500 5500 400 540000 
18/02/2008 Streat Lane 450 100 300 8500 100 100000 
03/03/2008 Streat Lane 150 100 0 2000 200 855000 
17/03/2008 Streat Lane 1850 900 100 2800 100 1400000 
31/03/2008 Streat Lane 400 400 200 1400 200 1120000 
14/04/2008 Streat Lane 200 100 0 3400 0 200000 
28/04/2008 Streat Lane 200 100 50 34000 500 1460000 
12/05/2008 Streat Lane 800 200 150 28000 200 1920000 
26/05/2008 Streat Lane 77200 42800 1450 58800 300 2400000 
09/06/2008 Streat Lane 700 750 0 58000 100 630000 
24/06/2008 Streat Lane 150 250 100 7500 0 10600 
07/07/2008 Streat Lane 24000 19200 450 42800 0 1100000 
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21/07/2008 Streat Lane 1250 600 200 7700 100 1 
04/08/2008 Streat Lane 2350 600 350 16400 100 23000 
18/08/2008 Streat Lane 37200 9700 100 6200 0 1900000 
01/09/2008 Streat Lane 550 5350 0 5000 
 
830000 
15/09/2008 Streat Lane 100 7500 200 6500 0 300000 
        
01/10/2007 Swansyard Fm 12000 2650 0 14000 400 6000000 
15/10/2007 Swansyard Fm 2000 2000 100 10000 200 465000 
29/10/2007 Swansyard Fm 34000 18000 500 28000 100 5000000 
12/11/2007 Swansyard Fm 0 0 0 5500 200 1500000 
26/11/2007 Swansyard Fm 3750 2750 100 3000 100 2000000 
10/12/2007 Swansyard Fm 350 500 100 700 100 300000 
07/01/2008 Swansyard Fm 1100 1100 300 3800 700 1060000 
21/01/2008 Swansyard Fm 250 500 0 7800 100 870000 
04/02/2008 Swansyard Fm 1600 1550 200 3500 200 1940000 
18/02/2008 Swansyard Fm 500 150 0 6500 400 305000 
03/03/2008 Swansyard Fm 300 125 0 1700 400 1380000 
17/03/2008 Swansyard Fm 950 800 200 2600 100 1940000 
31/03/2008 Swansyard Fm 100 500 100 1300 0 1930000 
14/04/2008 Swansyard Fm 700 800 100 30600 100 1000000 
28/04/2008 Swansyard Fm 300 200 400 1000 100 3800000 
12/05/2008 Swansyard Fm 500 1800 100 4900 600 1460000 
26/05/2008 Swansyard Fm 50400 26400 900 40400 200 2920000 
09/06/2008 Swansyard Fm 36800 36000 600 41300 300 625000 
24/06/2008 Swansyard Fm 2700 700 200 2500 0 9600 
07/07/2008 Swansyard Fm 80000 45800 1200 72000 0 1300000 
21/07/2008 Swansyard Fm 2900 1100 1000 2100 0 1 
04/08/2008 Swansyard Fm 12000 8250 1200 30400 0 785000 
18/08/2008 Swansyard Fm 57800 25800 450 30000 100 2600000 
01/09/2008 Swansyard Fm 24800 3700 2500 23000 
 
600000 
15/09/2008 Swansyard Fm 17200 9100 700 13500 0 350000 
        
01/10/2007 Wales Fm 32000 63000 400 17700 0 6000000 
15/10/2007 Wales Fm 13000 5500 200 8500 0 6000000 
29/10/2007 Wales Fm 32500 26000 500 11400 100 41000000 
12/11/2007 Wales Fm 6000 3500 100 2600 300 10600000 
26/11/2007 Wales Fm 1000 7500 700 2200 200 2080000 
10/12/2007 Wales Fm 44000 16400 800 26000 100 4800000 
07/01/2008 Wales Fm 23000 21800 1300 32000 0 2800000 
21/01/2008 Wales Fm 900 1800 0 3100 0 5400000 
04/02/2008 Wales Fm 104000 80000 1200 31200 400 6000000 
18/02/2008 Wales Fm 90000 50000 5700 44000 100 4000000 
03/03/2008 Wales Fm 40000 25000 4200 40000 100 2900000 
17/03/2008 Wales Fm 8500 5000 400 1000 0 1790000 
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31/03/2008 Wales Fm 6000 11000 1350 32800 0 6000000 
14/04/2008 Wales Fm 7000 2700 1350 12000 0 4000000 
28/04/2008 Wales Fm 9500 500 350 800 0 2100000 
12/05/2008 Wales Fm 16000 2600 300 11500 0 5000000 
26/05/2008 Wales Fm 300000 232000 5000 90000 0 3200000 
09/06/2008 Wales Fm 23000 21000 500 21100 0 4400000 
24/06/2008 Wales Fm 3150 5200 400 2700 0 40000 
07/07/2008 Wales Fm 408000 170000 3000 43200 0 5200000 
21/07/2008 Wales Fm 7000 11500 500 34600 0 1 
04/08/2008 Wales Fm 210000 173000 3900 72000 0 2000000 
18/08/2008 Wales Fm 224000 211500 900 80000 0 4800000 
01/09/2008 Wales Fm 2000 7000 300 51600 0 775000 
15/09/2008 Wales Fm 3000 15000 200 5500 0 500000 
 
 
DATE SITE 
NH3-H  
(mg/l) 
NO3-N  
(mg/l) 
PO4-P  
(mg/l) 
Temp 
 °C 
DO  
(mg/l) 
Cond.  
(µS) 
Redox  
(mV) 
Turbidity  
(NTU) 
SS  
(mg/l) pH  
01/10/2007 Barcombe Mill 0.001 4.1 2.62 14.6 12.16 30 191 5.49 2 7.3 
15/10/2007 Barcombe Mill 0.07 3.4 1.61 13.6 13.83 31 127 7.07 11 7.6 
29/10/2007 Barcombe Mill 0.07 3.6 2.63 12.7 14.68 55 165 5.84 15 8 
12/11/2007 Barcombe Mill 0.05 2.8 2.65 8.2 14.34 32 232 4.9 13 8.1 
26/11/2007 Barcombe Mill 0.12 8 1.1 6.8 19.33 105 261 12.9 16 7.8 
10/12/2007 Barcombe Mill 0.11 1.5 0.79 7.8 20.9 57 138 51.5 27 7.6 
07/01/2008 Barcombe Mill 0.17 2.3 1.03 6 16.14 148 101 31.3 28 8.3 
21/01/2008 Barcombe Mill 0.12 1.38 4.7 10.9 19.27 84 94 23 21 8.2 
04/02/2008 Barcombe Mill 0.16 2.7 0.96 5.7 16.89 92 107 14 10 8.3 
18/02/2008 Barcombe Mill 0.16 1.4 1.15 3.8 25.4 58 178 8.61 7 7.5 
03/03/2008 Barcombe Mill 0.09 0.7 1.2 10 18.2 43 158 8.95 13 8 
17/03/2008 Barcombe Mill 0.28 3 0.74 9.5 20 58 185 49.2 41 7.8 
31/03/2008 Barcombe Mill 0.18 2.3 0.63 8.6 18.24 37 234 50.7 28 7.5 
14/04/2008 Barcombe Mill 0.05 2.2 0.95 9.7 19.88 351 155 7.81 14 8.5 
28/04/2008 Barcombe Mill 0.04 1.8 1.26 15.1 23.3 278 124 5.77 10 8.4 
12/05/2008 Barcombe Mill 0.08 3 2.52 15.7 NM 368 153 4.97 15 8.2 
26/05/2008 Barcombe Mill 0.11 2.4 1.96 16.7 NM 339 128 5.58 16 8.1 
09/06/2008 Barcombe Mill 0.04 1.4 1.22 17.7 NM 319 101 7.95 15 8.3 
24/06/2008 Barcombe Mill 0.02 1.7 1.69 17.4 7.59 359 133 7.15 19 8.4 
07/07/2008 Barcombe Mill 0.04 0.6 1.71 16.1 7.26 161 162 4.39 8 7.7 
21/07/2008 Barcombe Mill 0.06 1 2.21 16.5 6.9 114 160 5.97 3 8 
04/08/2008 Barcombe Mill 0.03 0.009 2.19 17.8 6.2 97 99 4.54 14 7.9 
18/08/2008 Barcombe Mill 0.02 0.6 1.83 18.6 5.03 102 92 4 2 7.9 
01/09/2008 Barcombe Mill 0.03 1.1 2.08 17.2 6.58 375 111 4.58 19 7.8 
15/09/2008 Barcombe Mill NM 1.3 1.46 14.9 7.24 120 125 17.1 10 7.9 
           
 
01/10/2007 Clappers 0.11 3.1 5.75 14.4 8.13 71 196 13 4 7.3 
15/10/2007 Clappers 0.07 5 2.71 13.1 11.13 56 127 14.9 1 7.8 
29/10/2007 Clappers 0.12 1.1 19 12 10.71 68 152 10.6 11 7.9 
12/11/2007 Clappers 0.2 3 5.95 7.3 11.26 89 237 5.01 16 8.2 
26/11/2007 Clappers 0.1 5 1.15 7.4 21.5 53 259 8.75 8 8.1 
10/12/2007 Clappers 0.15 2 0.85 7.9 20.5 142 136 53.2 34 7.8 
07/01/2008 Clappers 0.15 1.6 1.09 6.5 15.31 78 112 81.1 48 8.1 
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21/01/2008 Clappers 0.08 1.39 2.7 11 18.42 168 105 20.9 19 8.2 
04/02/2008 Clappers 0.32 1.3 1.03 6 15.71 101 112 113 80 8.3 
18/02/2008 Clappers 0.2 7.2 1.27 3.1 25.1 110 171 6.37 12 8.1 
03/03/2008 Clappers 0.03 0.5 1.35 9 19.31 72 137 7.67 13 8.3 
17/03/2008 Clappers 0.11 1.4 0.9 10.5 19.19 55 188 52.8 34 7.8 
31/03/2008 Clappers 0.11 3.5 0.81 8.7 18.62 65 231 44.5 35 7.8 
14/04/2008 Clappers 0.09 1.7 1.15 9.7 19.25 62 162 9.92 16 8.4 
28/04/2008 Clappers 0.06 1.8 1.24 13.4 18.64 86 143 9.7 20 8.3 
12/05/2008 Clappers 0.08 1.3 2.5 14.7 NM 560 166 11.1 18 8.2 
26/05/2008 Clappers 0.88 7.6 2.64 15.9 NM 40 140 92.8 35 7.8 
09/06/2008 Clappers 0.06 1 2.1 16.8 NM 70 109 15 20 8.1 
24/06/2008 Clappers 0.21 2.6 11.65 15.2 5.44 498 139 11.4 14 8.1 
07/07/2008 Clappers 0.26 2.5 6.35 14.8 6.77 235 163 9.82 5 7.8 
21/07/2008 Clappers 0.09 1.6 6.6 14.1 4.97 319 163 13.2 12 8 
04/08/2008 Clappers 0.08 1.7 2.58 16.8 4.61 160 108 18.5 12 7.9 
18/08/2008 Clappers 0.06 1 22.1 16.8 4.61 84 100 11.8 7 7.9 
01/09/2008 Clappers 0.1 2.9 8 15.9 4.36 247 116 15.8 24 7.8 
15/09/2008 Clappers NM 1.1 2.03 13.4 7.37 133 116 17.4 14 8 
           
 
01/10/2007 Ditchling 0.001 0.6 0.48 14.4 10.68 62 175 6.62 2 8 
15/10/2007 Ditchling 0.04 0.8 0.25 13.9 16.22 92 124 4.42 7 8.4 
29/10/2007 Ditchling 0.02 0.6 0.75 11.4 13.71 90 150 4.66 16 8.1 
12/11/2007 Ditchling 0.04 0.6 0.2 8 16.35 59 225 2.17 9 8.5 
26/11/2007 Ditchling 0.04 1.6 0.27 10.4 23.2 60 127 1.79 13 8.6 
10/12/2007 Ditchling 0.01 1.3 0.28 11.3 19 189 130 5.2 14 8.2 
07/01/2008 Ditchling 0.04 0.6 0.32 9.4 23.4 134 115 5.88 13 8.3 
21/01/2008 Ditchling 0.03 0.93 0.1 14.8 16.44 189 106 4.45 10 8.4 
04/02/2008 Ditchling 0.08 0.9 0.148 9.9 15.36 86 114 11.5 12 8.4 
18/02/2008 Ditchling 0.02 5 0.17 3.9 24.4 145 167 2.23 9 8.4 
03/03/2008 Ditchling 0.01 0.5 0.31 6.9 22.4 77 142 1.89 8 8.4 
17/03/2008 Ditchling 0.04 0.6 0.33 8.6 22.7 85 185 5.99 13 8.1 
31/03/2008 Ditchling 0.04 0.9 0.28 12.5 18.23 103 227 4.89 6 8.2 
14/04/2008 Ditchling 0.06 0.3 0.21 10.5 20.5 58 168 4.19 13 8.3 
28/04/2008 Ditchling 0.04 0.4 0.37 12.5 19.78 75 149 1.77 10 8.3 
12/05/2008 Ditchling 0.04 0.4 0.31 15 NM 61 171 1.46 12 8.3 
26/05/2008 Ditchling 0.09 1.7 0.56 16 NM 20 146 43.5 30 7.8 
09/06/2008 Ditchling 0 0.6 0.23 16.9 NM 86 113 1.87 17 8.2 
24/06/2008 Ditchling 0.01 0.2 0.14 13.2 8.72 49 140 1.93 14 8.3 
07/07/2008 Ditchling 0.02 2.2 0.34 15.1 7.37 143 162 11.5 31 7.9 
21/07/2008 Ditchling 0.02 0.1 0.4 13 6.7 245 160 1.9 10 8.3 
04/08/2008 Ditchling 0.01 1.7 0.21 15.5 6.77 226 111 2.82 14 8.2 
18/08/2008 Ditchling 0.06 0.2 0.52 16.3 5.64 238 135 3.97 6 8.1 
01/09/2008 Ditchling 0.01 0.3 0.32 15 7.06 232 113 1.82 10 8.1 
15/09/2008 Ditchling NM 0.9 0.18 11.4 8.92 254 104 1.58 7 8.2 
           
 
01/10/2007 Goldbridge 0.17 4 3.45 15.6 10.49 34 191 6.04 4 7.2 
15/10/2007 Goldbridge 0.05 5 2.32 13.4 12.43 35 131 5.39 3 7.4 
29/10/2007 Goldbridge 0.1 3.6 2.35 13.4 12.12 48 154 5.97 17 7.5 
12/11/2007 Goldbridge 0.15 2.8 3.75 8.1 13.37 38 225 3.37 12 7.9 
26/11/2007 Goldbridge 0.2 5.1 1.65 7.3 22.8 33 263 11.8 18 7.8 
10/12/2007 Goldbridge 0.12 10.7 0.73 8 21.8 68 129 34.1 21 7.8 
07/01/2008 Goldbridge 0.49 1.5 1.68 5.9 19.67 47 122 18.5 14 7.8 
21/01/2008 Goldbridge 0.19 1.26 4 11.2 18.8 58 111 23.1 19 7.9 
04/02/2008 Goldbridge 0.26 2.8 1.34 5.9 16.69 93 118 12.3 13 8 
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18/02/2008 Goldbridge 0.38 2.3 1.99 4.1 20.1 59 169 8.35 3 7.9 
03/03/2008 Goldbridge 0.29 1.7 2.19 8.9 17.23 60 146 7.18 11 7.9 
17/03/2008 Goldbridge 0.16 2 0.74 10.2 19.58 34 184 38.6 27 7.7 
31/03/2008 Goldbridge 0.13 2.5 0.75 8.7 18.52 44 226 34.3 19 7.7 
14/04/2008 Goldbridge 0.11 2.6 1.19 9.3 19.17 37 171 8.26 12 7.9 
28/04/2008 Goldbridge 0.1 2.6 1.68 13.1 18.21 38 150 5.09 10 8 
12/05/2008 Goldbridge 0.17 2.2 1.88 14.2 NM 59 175 4.25 15 7.7 
26/05/2008 Goldbridge 0.2 2.8 2.26 15.9 NM 35 151 18.8 11 7.5 
09/06/2008 Goldbridge 0.05 2.7 1.27 16.5 NM 40 121 6.3 18 7.8 
24/06/2008 Goldbridge 0.06 5.6 2.66 16.1 6.49 42 146 5.78 15 7.8 
07/07/2008 Goldbridge 0.09 3 2.3 15.1 6.98 204 165 5.54 16 7.6 
21/07/2008 Goldbridge 0.04 1.1 1.4 14.9 6.73 99 159 5.6 1 8 
04/08/2008 Goldbridge 0.03 0.1 2.39 17.2 6.31 118 120 6.45 8 7.7 
18/08/2008 Goldbridge 0.08 0.6 4.1 17.3 5.57 102 136 6.17 3 7.7 
01/09/2008 Goldbridge 0.03 0.9 1.81 16.5 5.8 148 117 4.74 7 7.8 
15/09/2008 Goldbridge NM 0.7 2.42 13.7 6.79 190 109 7.52 10 7.8 
           
 
01/10/2007 Isfield 0.04 3.3 2.2 15.4 11.11 31 184 4.4 2 7.4 
15/10/2007 Isfield 0.05 3.9 1.78 13.8 11.76 42 127 6.71 23 7.5 
29/10/2007 Isfield 0.19 2.4 2.34 12.4 11.74 32 157 4.7 14 7.4 
12/11/2007 Isfield 0.08 2.1 2.17 7.7 12.71 30 226 3.33 6 7.6 
26/11/2007 Isfield 0.15 1.6 0.86 7 17.14 44 140 9.53 12 7.7 
10/12/2007 Isfield 0.15 0.7 0.72 7.8 20.1 76 134 52.6 32 7.6 
07/01/2008 Isfield 0.14 1.5 0.76 5.8 21.7 73 126 31.3 26 7.7 
21/01/2008 Isfield 0.11 1.34 5.9 11.1 17.44 51 117 22 18 7.7 
04/02/2008 Isfield 0.11 1.2 0.96 5.5 16.78 35 123 15.8 10 7.8 
18/02/2008 Isfield 0.1 0.1 1.07 4.5 21.7 76 173 6.9 8 7.6 
03/03/2008 Isfield 0.06 0.2 1.08 8.6 17.5 46 151 9.06 11 7.7 
17/03/2008 Isfield 0.14 1 0.64 10.4 18.17 45 186 28.8 26 7.7 
31/03/2008 Isfield 0.2 1.5 0.65 8.9 17.38 42 228 67.5 47 7.5 
14/04/2008 Isfield 0.1 1 0.97 9.7 17.64 40 176 6.24 13 7.7 
28/04/2008 Isfield 0.07 1.6 1.26 13.3 20.8 32 155 7.02 10 7.8 
12/05/2008 Isfield 0.08 1.4 1.6 14.8 NM 46 180 6.33 16 7.7 
26/05/2008 Isfield 0.07 0.9 1.63 16.1 NM 39 156 7.04 9 7.5 
09/06/2008 Isfield 0.11 1.1 1.32 16.5 NM 36 128 9.14 14 7.6 
24/06/2008 Isfield 0.09 0.8 1.07 17.2 6.05 39 150 4.9 14 7.7 
07/07/2008 Isfield 0.08 1 1.88 15.7 6.81 157 169 4.91 17 7.5 
21/07/2008 Isfield 0.11 0.8 1.55 16 5.36 132 164 4.46 12 7.6 
04/08/2008 Isfield 0.09 1.9 2.37 17.3 5.47 182 124 4.89 13 7.6 
18/08/2008 Isfield 0.1 0.6 1.39 17.5 5.53 145 140 6.33 3 7.7 
01/09/2008 Isfield 0.2 1.5 1.5 16.9 4.7 220 123 5.05 6 7.5 
15/09/2008 Isfield NM 1.1 1.3 13.6 6.65 125 114 19.4 13 7.7 
           
 
01/10/2007 Lindfield 0.001 1.3 0.55 15.6 11.25 28 187 8.77 6 7.5 
15/10/2007 Lindfield 0.01 2 0.46 13.4 14.13 32 122 5.3 11 7.7 
29/10/2007 Lindfield 0.01 1.4 0.56 13.7 13.68 24 149 5.57 15 7.8 
12/11/2007 Lindfield 0.01 1.1 0.37 8 17.91 27 220 3.12 12 7.8 
26/11/2007 Lindfield 0.1 13.1 0.42 7.6 27.8 29 145 17.6 27 7.7 
10/12/2007 Lindfield 0.12 4 0.58 8.2 19.6 103 137 34.5 24 7.5 
07/01/2008 Lindfield 0.32 1.7 0.75 5.6 22.7 68 127 16 21 7.8 
21/01/2008 Lindfield 0.15 1.1 5.2 11.1 16.77 38 118 25.6 20 7.7 
04/02/2008 Lindfield 0.15 2.7 0.61 7.1 16.91 53 124 13.7 13 7.9 
18/02/2008 Lindfield 0.06 1.1 0.84 4.1 23.1 50 172 9.2 8 7.8 
03/03/2008 Lindfield 0.08 2.3 0.54 9.9 18.4 52 146 52 11 7.8 
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17/03/2008 Lindfield 0.12 2.8 1.12 10.3 20.5 32 185 29 22 7.7 
31/03/2008 Lindfield 0.12 3.4 0.48 8.6 20.1 29 227 26.6 18 7.6 
14/04/2008 Lindfield 0.05 3.4 0.34 9.2 20.1 36 177 9.1 18 7.8 
28/04/2008 Lindfield 0.05 1.8 0.45 13.5 19.33 51 156 5.35 20 8 
12/05/2008 Lindfield 0.05 1.4 0.72 14.9 NM 35 179 5.16 27 7.8 
26/05/2008 Lindfield 0.08 0.8 1.09 16.2 NM 43 161 15.1 16 7.7 
09/06/2008 Lindfield 0.04 0.8 0.59 16.4 NM 38 128 7.78 16 7.7 
24/06/2008 Lindfield 0.02 1.5 0.62 15.4 8.19 38 150 5.16 14 7.8 
07/07/2008 Lindfield 0.01 0.7 0.33 15 7.73 121 168 5.79 14 7.7 
21/07/2008 Lindfield 0.02 0.5 0.6 15.4 6.63 76 161 5.61 10 7.8 
04/08/2008 Lindfield 0 1.4 0.33 17.2 6.27 155 124 4.55 11 7.7 
18/08/2008 Lindfield 0.01 0.2 0.6 17.2 5.66 110 140 5.67 1 7.9 
01/09/2008 Lindfield 0.03 0.3 0.63 17.1 7.13 124 121 4.75 4 7.7 
15/09/2008 Lindfield NM 0.4 0.82 13.4 7.98 120 117 6.39 13 7.7 
           
 
01/10/2007 Longford 0.02 0.7 0.23 13.9 7.53 358 205 8.27 11 6.7 
15/10/2007 Longford 0.05 1.2 0.13 12.4 6.18 42 133 8.99 4 7.3 
29/10/2007 Longford 0.09 0.7 0.22 11.7 8.61 68 169 8.59 16 7.5 
12/11/2007 Longford 0.04 0.2 0.28 7.5 4.64 40 177 5.65 18 7.4 
26/11/2007 Longford 0.25 3 0.42 7.2 19.66 37 152 20.9 25 7.5 
10/12/2007 Longford 0.09 3.6 0.53 7.7 20.3 58 138 42.2 25 7.5 
07/01/2008 Longford 0.13 2.9 0.47 6 16.6 83 139 34.1 31 7.7 
21/01/2008 Longford 0.11 1.05 4.3 10.9 14.52 36 131 22.6 19 7.6 
04/02/2008 Longford 1.1 1.7 0.64 5.4 15.38 37 129 23.2 15 7.7 
18/02/2008 Longford 0.09 1.3 0.26 3.5 20.7 61 163 12.2 4 7.6 
03/03/2008 Longford 0.15 0.9 0.36 8.4 15.2 73 152 7.99 12 7.6 
17/03/2008 Longford 2.1 1.4 1.12 9.8 18.73 48 187 60.6 41 7.7 
31/03/2008 Longford 1.05 2.9 0.85 9.1 17.23 49 226 55.9 32 7.5 
14/04/2008 Longford 0.06 1.4 0.71 10.1 17.4 40 180 9.48 16 7.6 
28/04/2008 Longford 0.07 1.1 0.62 13.4 17.42 65 161 10 20 7.7 
12/05/2008 Longford 0.11 0.7 0.39 14.4 NM 54 186 5.16 22 7.4 
26/05/2008 Longford 0.1 1.8 0.34 15.8 NM 38 169 33.6 27 7.4 
09/06/2008 Longford 0.09 2.3 0.54 17.6 NM 42 136 10.6 17 7.4 
24/06/2008 Longford 0.06 0.9 0.31 15.4 3.09 47 159 9.08 16 7.5 
07/07/2008 Longford 0.01 0.1 0.23 14.8 3.9 126 174 8.23 12 7.4 
21/07/2008 Longford 0.09 0.9 0.29 14 3.09 162 170 8.9 11 7.4 
04/08/2008 Longford 0.03 0.2 0.32 16.7 2.63 141 138 6.93 14 7.4 
18/08/2008 Longford 0.06 0.11 0.27 16.8 3.25 134 151 6.08 2 7.6 
01/09/2008 Longford 0.12 0.3 0.24 15.8 2.38 153 132 6.26 10 7.4 
15/09/2008 Longford NM 0.3 0.33 13.8 4.12 102 122 9.58 12 7.5 
           
 
01/10/2007 Plumpton 0.001 0.9 1.11 14.4 11.99 47 180 11 27 7.4 
15/10/2007 Plumpton 0.03 3.5 0.85 13.1 13.34 70 118 3.37 8 8.1 
29/10/2007 Plumpton 0.04 2 0.76 12.3 14.44 62 154 4.96 1 8 
12/11/2007 Plumpton 0.01 2.4 0.77 6.5 17.38 68 166 1.78 11 8.1 
26/11/2007 Plumpton 0.05 2.9 0.56 8.2 27.7 68 146 3.35 7 8.2 
10/12/2007 Plumpton 0.05 4.2 0.7 8.4 20.5 138 135 29.3 28 8 
07/01/2008 Plumpton 0.3 2 0.74 6.7 19.35 96 136 22.7 33 8.2 
21/01/2008 Plumpton 0.11 1.31 3.4 11.3 19.14 113 119 15.3 17 8.3 
04/02/2008 Plumpton 0.5 1.1 0.76 7.2 16.53 109 123 24.2 22 8.3 
18/02/2008 Plumpton 0.76 1.1 0.68 3.8 20.8 104 160 3.97 8 8.2 
03/03/2008 Plumpton 0.13 1.4 0.45 8.8 18.38 82 152 2.77 7 8.2 
17/03/2008 Plumpton 0.1 1 0.83 9 18.05 80 188 23.6 26 8.1 
31/03/2008 Plumpton 0.11 1.5 0.57 9.3 20.3 77 223 33.4 15 8.1 
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14/04/2008 Plumpton 0.08 1.7 0.42 9.5 16.42 66 180 2.47 15 8.2 
28/04/2008 Plumpton 0.05 1.7 0.44 13 18.21 86 161 4 10 8.3 
12/05/2008 Plumpton 0.06 2.6 2.22 14.3 NM 79 180 5.39 13 8.2 
26/05/2008 Plumpton 0.41 2.1 0.94 16.3 NM 60 168 29.7 26 7.8 
09/06/2008 Plumpton 0.08 0.7 0.64 16.6 NM 86 131 4.26 15 8.1 
24/06/2008 Plumpton 0.04 1.1 0.65 15.3 8.01 59 153 3.2 14 8.1 
07/07/2008 Plumpton 0.29 1 1.36 15.1 7.3 202 170 15.6 36 7.8 
21/07/2008 Plumpton 0.01 0.6 0.71 14.4 6.49 222 162 3.33 4 8.1 
04/08/2008 Plumpton 0.03 0.009 0.57 16.7 6.51 174 129 3.37 10 8.1 
18/08/2008 Plumpton 0.02 0.2 1.95 16.9 5.74 199 145 13.9 21 8 
01/09/2008 Plumpton 0.04 0.8 1.16 15.8 6.6 239 125 2.48 9 8 
15/09/2008 Plumpton NM 0.7 0.79 14.3 7.73 215 119 4.75 8 8 
           
 
01/10/2007 Scaynes Hill 1.7 4.8 4.2 15.5 10.62 35 199 8.08 6 7.1 
15/10/2007 Scaynes Hill 0.09 4.3 1.71 13.1 13.31 35 119 8.04 8 7.8 
29/10/2007 Scaynes Hill 0.1 1.6 1.92 13.3 13.14 38 164 7.49 19 7.6 
12/11/2007 Scaynes Hill 0.17 1.7 1.75 7.7 14.89 36 174 4.43 12 7.8 
26/11/2007 Scaynes Hill 0.14 5.2 1.34 7.2 22.8 33 151 15 14 7.7 
10/12/2007 Scaynes Hill 0.14 3.8 0.77 8.1 19.6 81 133 28.4 26 7.7 
07/01/2008 Scaynes Hill 0.51 2.2 1.3 5.8 22.9 89 129 13.5 15 7.9 
21/01/2008 Scaynes Hill 0.22 1.44 2.9 11.1 18.88 122 122 24.1 22 7.8 
04/02/2008 Scaynes Hill 0.23 3 1.43 6.1 16.81 85 126 14.5 15 8 
18/02/2008 Scaynes Hill 0.38 1.4 2.11 4 19.66 51 163 8.55 6 7.8 
03/03/2008 Scaynes Hill 0.34 1.4 1.48 9 17.79 47 154 6.83 11 7.9 
17/03/2008 Scaynes Hill 0.16 2.9 0.61 9.4 20.2 25 187 28.7 23 7.8 
31/03/2008 Scaynes Hill 0.13 2.3 0.62 8.8 19.43 37 222 28.9 19 7.7 
14/04/2008 Scaynes Hill 0.14 2.5 1.06 9.3 18.81 185 182 14.8 18 7.8 
28/04/2008 Scaynes Hill 0.14 1.2 1.25 12.9 19.21 156 162 5.61 10 8 
12/05/2008 Scaynes Hill 0.16 1.7 2.04 14.2 NM 45 182 6.05 11 7.7 
26/05/2008 Scaynes Hill 0.29 3.2 2.04 15.7 NM 32 169 40.1 22 7.5 
09/06/2008 Scaynes Hill 0.07 2.3 1.06 16.8 NM 45 135 8.49 15 7.8 
24/006/2008 Scaynes Hill 0.13 1.9 2.14 15.2 7.3 43 156 6.76 16 7.8 
07/07/2008 Scaynes Hill 0.1 2.7 9.1 14.9 6.88 123 172 11.6 14 7.5 
21/07/2008 Scaynes Hill 0.05 0.5 1.08 14.7 6.76 121 159 8.71 6 7.8 
04/08/2008 Scaynes Hill 0.05 0.009 1.32 16.8 6.24 154 132 7.19 12 7.7 
18/08/2008 Scaynes Hill 0.33 1 6.2 17.3 5.42 138 147 7.33 7 7.7 
01/09/2008 Scaynes Hill 0.04 0.9 1.31 16.5 6.9 105 122 5.9 17 7.8 
15/09/2008 Scaynes Hill NM 0.9 2.08 13.1 7.96 137 120 8.66 10 7.8 
           
 
01/10/2007 Sheffield Park 0.06 4.8 4.45 15.3 10.91 38 191 8.68 2 7.3 
15/10/2007 Sheffield Park 0.08 6.4 5.6 13.4 12.57 39 128 7.18 2 7.5 
29/10/2007 Sheffield Park 0.16 3.6 24.75 13.6 12.62 37 164 8.15 15 7.6 
12/11/2007 Sheffield Park 0.2 4.5 3.55 7.8 13.57 31 177 4.31 1 7.7 
26/11/2007 Sheffield Park 0.15 3.2 3.05 7.7 23.7 35 153 16 18 7.6 
10/12/2007 Sheffield Park 0.12 2.7 0.88 7.9 21.5 60 136 35.3 32 7.6 
07/01/2008 Sheffield Park 0.5 2.8 1.35 5.8 23.8 53 133 15.3 28 7.7 
21/01/2008 Sheffield Park 0.18 1.08 3.7 11.3 18.28 52 126 25.2 24 7.7 
04/02/2008 Sheffield Park 0.27 2.9 1.32 6 15.14 34 130 15.7 13 7.8 
18/02/2008 Sheffield Park 0.47 1.3 1.54 4.4 20.3 69 165 8.59 7 7.8 
03/03/2008 Sheffield Park 0.03 1.7 1.95 8.4 17.68 47 156 47 13 7.8 
17/03/2008 Sheffield Park 0.15 1.3 0.64 9 19.84 36 187 39.9 26 7.7 
31/03/2008 Sheffield Park 0.14 2.2 0.6 8.4 19.51 38 223 38 22 7.5 
14/04/2008 Sheffield Park 0.1 2.1 0.94 9.5 19.31 47 184 11.8 19 7.7 
28/04/2008 Sheffield Park 0.11 1.7 1.41 13 19.06 50 165 5.7 10 8 
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12/05/2008 Sheffield Park 0.16 1.1 2.39 13.8 NM 76 184 5.44 14 7.7 
26/05/2008 Sheffield Park 0.25 2.4 2.19 14.4 NM 68 170 35.6 23 7.6 
09/06/2008 Sheffield Park 0.22 1.2 3.73 16.8 NM 58 138 7.99 17 7.6 
24/06/2008 Sheffield Park 0.08 2.1 2.65 15.8 6.96 61 159 5.99 8 7.7 
07/07/2008 Sheffield Park 0.5 1.4 2.13 14.7 6.94 168 173 7.41 18 7.5 
21/07/2008 Sheffield Park 0.06 1.8 2.38 14.7 6.82 123 162 6.71 4 7.7 
04/08/2008 Sheffield Park 0.03 0.4 2.11 16.9 5.89 131 134 6.2 10 7.7 
18/08/2008 Sheffield Park 0.1 1 2.68 16.9 5.55 160 149 6.67 5 7.7 
01/09/2008 Sheffield Park 0.04 1.1 2.24 16.5 6.64 215 126 5.33 11 7.7 
15/09/2008 Sheffield Park NM 1.3 3.55 13.5 7.41 137 122 6.89 12 7.7 
           
 
01/10/2007 Spatham Lane 1 10.9 24.7 14.2 7.28 57 189 8.4 8 7.3 
15/10/2007 Spatham Lane 0.06 1.3 2.14 11.3 14.08 60 114 13 13 7.9 
29/10/2007 Spatham Lane 1 2.1 7.45 11.2 10.31 80 158 4.71 12 7.6 
12/11/2007 Spatham Lane 1.15 10.3 21 7 13.79 71 179 2.86 5 7.7 
26/11/2007 Spatham Lane 0.1 2.8 3.7 8.9 24 70 156 3.55 13 7.7 
10/12/2007 Spatham Lane 0.32 1.4 1.22 9.1 14.8 126 143 10.3 26 7.5 
07/01/2008 Spatham Lane 0.27 1.3 2.41 7.4 21 117 138 8.82 12 7.7 
21/01/2008 Spatham Lane 0.13 2.21 2.2 11.5 15.96 114 129 5.91 14 7.8 
04/02/2008 Spatham Lane 0.28 1.5 2.52 6.5 14.47 117 132 15.2 17 7.9 
18/02/2008 Spatham Lane 0.21 0.4 5.36 4 19.38 116 170 3.19 5 7.9 
03/03/2008 Spatham Lane 0.02 0.8 3.4 7 20.5 73 159 5.4 8 8 
17/03/2008 Spatham Lane 0.09 0.6 1.84 8.4 18.83 164 192 12.5 18 7.7 
31/03/2008 Spatham Lane 0.08 1 2.14 9.5 14.28 83 222 9.45 9 7.8 
14/04/2008 Spatham Lane 0.06 1.7 3.62 9.8 16.75 67 186 3.6 13 7.9 
28/04/2008 Spatham Lane 0.09 1.4 4.4 12 14.55 70 169 2.94 10 8.1 
12/05/2008 Spatham Lane 0.04 1.5 4.5 14.7 NM 89 184 5.47 14 8 
26/05/2008 Spatham Lane 0.55 1.5 2.5 16 NM 40 175 33.4 34 7.6 
09/06/2008 Spatham Lane 0.04 0.4 5.1 17.6 NM 86 142 6.98 22 7.9 
24/06/2008 Spatham Lane 0.02 2.5 12 13.8 6.67 108 159 9.16 15 7.8 
07/07/2008 Spatham Lane 1.8 2 12 15.4 4.6 241 175 12.9 26 7.5 
21/07/2008 Spatham Lane 0.05 3.2 21.6 13 6.68 323 163 7.54 14 7.8 
04/08/2008 Spatham Lane 0.01 1.4 3.5 16 5.72 255 134 5.31 13 7.8 
18/08/2008 Spatham Lane 5 3.6 21.8 17.1 3.49 238 153 13 40 7.5 
01/09/2008 Spatham Lane 0.02 2.1 22 15.2 5.96 276 127 5.46 17 7.8 
15/09/2008 Spatham Lane NM 1 5.85 12.4 6.79 257 125 3.19 9 7.8 
           
 
01/10/2007 Streat Lane 0.001 2.6 10.2 13.5 9.47 63 176 6.09 14 7.8 
15/10/2007 Streat Lane 0.05 3.3 7.6 12.5 13.75 72 117 5.6 19 8 
29/10/2007 Streat Lane 1.1 2.4 5.5 11.1 12.06 87 154 10.9 15 7.9 
12/11/2007 Streat Lane 0.05 2.4 9.3 5.9 13.78 67 176 2.38 3 7.9 
26/11/2007 Streat Lane 0.02 1.8 2.25 8.1 28.5 67 150 7.08 23 8.1 
10/12/2007 Streat Lane 0.15 0.8 0.88 8.6 18.8 104 137 29.4 14 7.8 
07/01/2008 Streat Lane 0.18 0.8 1.12 6.4 22.4 118 134 42.5 16 8 
21/01/2008 Streat Lane 0.06 1.46 1.3 11.1 18.42 55 124 12.8 15 8.2 
04/02/2008 Streat Lane 0.25 0.5 1.33 6.2 16.34 114 128 52.8 44 8 
18/02/2008 Streat Lane 0.01 0.2 2.54 3.7 19.71 108 169 9.98 12 8.2 
03/03/2008 Streat Lane 0.02 0.8 3.4 7.2 19.28 101 158 2.84 1 8.3 
17/03/2008 Streat Lane 0.08 1.4 0.9 8.2 21.2 55 189 26.6 21 7.9 
31/03/2008 Streat Lane 0.08 0.4 0.89 9.7 19.36 68 220 19.1 14 7.9 
14/04/2008 Streat Lane 0.06 1.2 1.8 8.9 18.73 89 184 7.81 16 8.2 
28/04/2008 Streat Lane 0.06 1.4 2.74 12.9 16.17 100 169 5.66 10 8.2 
12/05/2008 Streat Lane 0.07 0.8 3 14 NM 195 186 7.89 21 8 
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26/05/2008 Streat Lane 0.8 10.2 2.05 15.7 NM 37 176 104 42 7.6 
09/06/2008 Streat Lane 0.52 1 4.98 16.2 NM 93 144 9.16 18 8 
24/06/2008 Streat Lane 0.04 0.7 8 14 6.55 121 160 8 14 8 
07/07/2008 Streat Lane 0.23 2.5 6.7 14.2 6.5 208 172 24.4 29 7.6 
21/07/2008 Streat Lane 0.03 1.4 12.2 13 6.76 333 161 10.3 8 7.9 
04/08/2008 Streat Lane 0.03 2 3.51 15.6 6.01 284 138 9.92 12 7.8 
18/08/2008 Streat Lane 0.04 0.9 10.1 15.8 5.38 248 148 10 4 7.9 
01/09/2008 Streat Lane 0.04 1.1 14.5 15.2 5.55 278 127 6.21 15 7.9 
15/09/2008 Streat Lane NM 0.1 5.1 11.5 7.75 342 123 5.91 9 8 
           
 
01/10/2007 Swansyard Fm 0.01 1.3 2.01 13.1 10.2 103 177 26.7 22 7.7 
15/10/2007 Swansyard Fm 0.01 3.1 11.5 12.6 15.3 63 94 4.56 21 7.9 
29/10/2007 Swansyard Fm 1.4 5 3.35 10.8 11.08 44 152 18.4 2 7.7 
12/11/2007 Swansyard Fm 0.1 2.3 4.1 4.8 12.09 67 174 4.31 7 7.8 
26/11/2007 Swansyard Fm 0.1 1.6 1.6 8.5 25.8 38 153 13.1 4 7.7 
10/12/2007 Swansyard Fm 0.09 1.5 0.64 8.7 18.7 35 136 27.5 24 7.7 
07/01/2008 Swansyard Fm 0.18 1.2 0.68 6.4 21.7 104 137 34.8 17 7.7 
21/01/2008 Swansyard Fm 0.11 0.94 0.9 11.2 16.39 134 127 20.1 20 7.9 
04/02/2008 Swansyard Fm 0.22 1.3 0.62 6.3 16.13 57 134 47.1 33 7.7 
18/02/2008 Swansyard Fm 0.36 2.3 0.66 3.8 19.92 95 172 9.28 6 8.1 
03/03/2008 Swansyard Fm 0.11 0.5 0.77 7.1 21.2 131 160 11.1 6 8.1 
17/03/2008 Swansyard Fm 0.15 2.1 0.72 7.9 19.33 30 188 30.5 25 7.8 
31/03/2008 Swansyard Fm 0.13 0.6 0.56 9.3 17.72 74 220 26.5 14 7.7 
14/04/2008 Swansyard Fm 1.05 1 1.26 8.6 19.03 66 184 14.9 18 7.8 
28/04/2008 Swansyard Fm 0.13 1.1 1.26 11.8 17.84 317 172 13.4 20 8 
12/05/2008 Swansyard Fm 0.38 1 2.6 14.3 NM 129 188 19.4 27 7.9 
26/05/2008 Swansyard Fm 0.9 6.3 1.42 15.3 NM 33 174 108 52 7.5 
09/06/2008 Swansyard Fm 0.05 1.1 1.32 16.5 NM 84 146 21.1 22 7.9 
24/06/2008 Swansyard Fm 0.32 0.8 2.01 13 6.68 86 161 17.1 20 7.9 
07/07/2008 Swansyard Fm 0.75 1.9 2.06 14.3 6.62 171 168 30.5 28 7.7 
21/07/2008 Swansyard Fm 0.7 0.7 3.9 12.6 4.25 262 164 20.9 8 7.7 
04/08/2008 Swansyard Fm 0.35 0.009 2.56 15.3 4.95 260 137 33.2 11 7.9 
18/08/2008 Swansyard Fm 4 2 3 15.6 4.91 204 148 45.5 38 7.8 
01/09/2008 Swansyard Fm 0.4 0.5 4.7 14.6 5.12 314 129 18 20 7.8 
15/09/2008 Swansyard Fm NM 1.2 1.68 11.1 6.5 146 125 19.5 10 7.9 
           
 
01/10/2007 Wales Fm 0.9 2.6 4.25 13.8 5.59 307 188 13.8 24 7.4 
15/10/2007 Wales Fm 1.4 5.6 6.1 13.4 6.33 83 127 3.81 14 7.6 
29/10/2007 Wales Fm 0.8 4.9 5 13.1 5.88 75 156 36.3 36 7.5 
12/11/2007 Wales Fm 0.75 5.8 1.35 7.9 11.36 72 169 3.09 11 8 
26/11/2007 Wales Fm 0.15 0.4 1.05 10.8 19.48 94 158 1.95 2 7.9 
10/12/2007 Wales Fm 0.6 2.8 1.73 10.3 15 118 146 8 29 7.6 
07/01/2008 Wales Fm 3.7 0.9 2.21 8.4 11.89 205 140 20.7 13 7.8 
21/01/2008 Wales Fm 0.8 1.22 6.1 11.7 15.76 199 136 4.76 13 7.7 
04/02/2008 Wales Fm 12 1.9 26.6 8.9 9.8 131 135 167 200 7.6 
18/02/2008 Wales Fm 0.01 1 4.18 5 15.76 173 163 38.6 43 7.9 
03/03/2008 Wales Fm 8 2.7 7.5 9 10.56 148 163 24.5 44 7.8 
17/03/2008 Wales Fm 0.35 1.7 0.83 10.6 19.84 107 193 6.39 14 8 
31/03/2008 Wales Fm 1.15 2.1 1.65 10.3 16.87 98 221 6.68 14 7.8 
14/04/2008 Wales Fm 2.5 6.8 3.9 9.9 15.96 113 187 25.7 35 7.9 
28/04/2008 Wales Fm 0.31 5.5 0.8 12.8 22.2 122 176 4.41 10 8.2 
12/05/2008 Wales Fm 1.5 2.9 1.43 14.2 NM 181 187 13.8 20 7.9 
26/05/2008 Wales Fm 1.15 4.4 5.6 15.7 NM 49 175 81.2 48 7.6 
09/06/2008 Wales Fm 0.12 1.5 0.86 15.6 NM 107 151 3.29 10 7.9 
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24/06/2008 Wales Fm 0.95 0.6 1.19 13.2 7.72 163 164 5.94 16 7.9 
07/07/2008 Wales Fm 2.1 4.1 8.7 14.7 4.89 403 92 148 131 7.4 
21/07/2008 Wales Fm 0.75 1.1 0.91 12.7 4.83 248 172 4.61 5 7.7 
04/08/2008 Wales Fm 1.51 9.4 1.15 14.7 3.18 435 120 53.2 53 7.7 
18/08/2008 Wales Fm 13 1.6 7.6 16 2.22 401 142 56.8 53 7.6 
01/09/2008 Wales Fm 1.6 1 4.1 14.6 3.59 411 131 6.39 20 7.8 
15/09/2008 Wales Fm NM 0.9 0.51 13.4 5.8 353 130 1.94 3 7.9 
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Appendix 7 Correlation matrices for the seasons 
  
ENT 
 
SoC 
 
Bact 
 
HPC 
 
NH3-N 
 
DO 
 
Cond 
 
Redox 
 
Turb 
 
pH 
 
SS 
 
TTC 
 
NO3-N 
 
PO4-P 
 
Temp 
 
CP 
Autumn 
ENT 
SoC 
Bact 
HPC 
NH3-N 
DO 
Cond 
Redox 
Turb 
pH 
SS 
TTC 
NO3-N 
PO4-P 
Temp 
CP 
 
1 
.182 
-.531 
-.085 
.150 
-.630 
.629 
-.365 
.188 
-.075 
.049 
.385 
-.392 
.078 
.561 
.470 
 
1 
.022 
.106 
.381 
-.173 
.071 
.088 
.388 
-.334 
.018 
.349 
.365 
.697 
.054 
.418 
 
 
1 
.341 
.028 
.643 
-.686 
.522 
.106 
-.093 
-.181 
.024 
.492 
.101 
-.382 
-.332 
 
 
1 
.442 
.255 
-.274 
.554 
.014 
.027 
.003 
.425 
.308 
.185 
-.404 
-.047 
 
 
 
 
 
1 
-.122 
.000 
.184 
.140 
-.223 
.051 
.491 
.370 
.371 
-.043 
.377 
 
 
 
 
 
 
1 
-.649 
.371 
-.093 
.279 
-.059 
-.174 
.455 
-.081 
-.624 
-.283 
 
 
 
 
 
 
 
1 
-.453 
-.087 
.183 
.184 
.061 
-.511 
.049 
.384 
.418 
 
 
 
 
 
 
 
 
1 
.016 
-.193 
-.087 
.096 
.338 
.053 
-.490 
-.371 
 
 
 
 
 
 
 
 
 
1 
-.367 
.250 
.475 
.183 
.164 
.120 
.184 
 
 
 
 
 
 
 
 
 
 
1 
.089 
-.280 
-.171 
-.113 
-.279 
.027 
 
 
 
 
 
 
 
 
 
 
 
1 
.010 
-.083 
.045 
-.057 
.102 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.188 
.252 
.169 
.306 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.435 
-.273 
-.021 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.057 
.346 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.198 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
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Appendix 7 (continued) 
  
ENT 
 
SoC 
 
Bact 
 
HPC 
 
NH3-N 
 
DO 
 
Cond 
 
Redox 
 
Turb 
 
pH 
 
SS 
 
TTC 
 
NO3-N 
 
PO4-P 
 
Temp 
 
CP 
Spring 
ENT 
SoC 
Bact 
HPC 
NH3-N 
DO 
Cond 
Redox 
Turb 
pH 
SS 
TTC 
NO3-N 
PO4-P 
Temp 
CP 
 
1 
.484 
-.047 
.610 
.497 
-.244 
-.266 
.227 
.685 
-.506 
.446 
.779 
.393 
.240 
.080 
.580 
 
 
1 
.232 
.228 
.365 
-.320 
-.072 
-.071 
.411 
-.366 
.315 
.504 
.400 
.636 
.210 
.525 
 
 
 
1 
-.071 
-.143 
-.216 
.037 
-.327 
-.064 
-.026 
-.018 
.014 
-.029 
.281 
.248 
.050 
 
 
 
 
1 
.480 
-.165 
-.122 
.327 
.472 
-.245 
.372 
.634 
.210 
.163 
.023 
.380 
 
 
 
 
 
1 
-.119 
.061 
.095 
.366 
-.235 
.454 
.554 
.390 
.378 
.028 
.403 
 
 
 
 
 
 
1 
-.016 
.158 
-.080 
.276 
-.248 
-.446 
-.194 
-.355 
-.795 
-.165 
 
 
 
 
 
 
 
1 
-.181 
-.358 
.565 
-.231 
-.226 
-.130 
.261 
.068 
-.084 
 
 
 
 
 
 
 
 
1 
.345 
-.382 
.299 
.059 
.092 
-.168 
-.299 
.282 
 
 
 
 
 
 
 
 
 
1 
-.613 
.721 
.583 
.473 
.059 
-.043 
.531 
 
 
 
 
 
 
 
 
 
 
1 
-.503 
-.457 
-.269 
-.037 
-.093 
-.465 
 
 
 
 
 
 
 
 
 
 
 
1 
.531 
.448 
.022 
.196 
.466 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.509 
.286 
.341 
.568 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.282 
.247 
.501 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.248 
.344 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.208 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
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Appendix 7 (continued) 
  
ENT 
 
SoC 
 
Bact 
 
HPC 
 
NH3-N 
 
DO 
 
Cond 
 
Redox 
 
Turb 
 
pH 
 
SS 
 
TTC 
 
NO3-N 
 
PO4-P 
 
Temp 
 
CP 
Summer 
ENT 
SoC 
Bact 
HPC 
NH3-N 
DO 
Cond 
Redox 
Turb 
pH 
SS 
TTC 
NO3-N 
PO4-P 
Temp 
CP 
 
1 
.441 
-.166 
.428 
.631 
-.069 
.423 
-.025 
.640 
-.201 
.448 
.885 
.148 
.164 
-.108 
.420 
 
 
1 
.044 
.347 
.398 
-.161 
.165 
-.019 
.632 
-.336 
.381 
.479 
.291 
.621 
.044 
.417 
 
 
 
1 
.114 
-.080 
-.184 
-.122 
-.223 
-.006 
.086 
-.012 
-.155 
.019 
.032 
.413 
-.179 
 
 
 
 
1 
.215 
-.308 
-.055 
-.396 
.238 
-.140 
.379 
.386 
-.017 
.029 
.513 
.149 
 
 
 
 
 
1 
-.092 
.362 
.041 
.600 
-.280 
.466 
.619 
.242 
.345 
-.108 
.372 
 
 
 
 
 
 
1 
.304 
.341 
-.117 
.045 
-.216 
.041 
-.094 
.102 
-.370 
.176 
 
 
 
 
 
 
 
1 
.057 
.344 
.076 
.105 
.537 
.035 
.337 
-.277 
.379 
 
 
 
 
 
 
 
 
1 
-.052 
-.259 
-.075 
.036 
.139 
.033 
-.573 
.107 
 
 
 
 
 
 
 
 
 
1 
-.347 
.509 
.656 
.281 
.469 
-.139 
.362 
 
 
 
 
 
 
 
 
 
 
1 
-.166 
-.234 
-.175 
-.134 
-.019 
-.052 
 
 
 
 
 
 
 
 
 
 
 
1 
.430 
.282 
.140 
-.121 
.279 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.175 
.331 
-.193 
.555 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.329 
-.171 
.208 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
-.073 
.453 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
-.218 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
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Appendix 7 (continued) 
  
ENT 
 
SoC 
 
Bact 
 
HPC 
 
NH3-N 
 
DO 
 
Cond 
 
Redox 
 
Turb 
 
pH 
 
SS 
 
TTC 
 
NO3-N 
 
PO4-P 
 
Temp 
 
CP 
Winter 
ENT 
SoC 
Bact 
HPC 
NH3-N 
DO 
Cond 
Redox 
Turb 
pH 
SS 
TTC 
NO3-N 
PO4-P 
Temp 
CP 
 
1 
.533 
.159 
.621 
.578 
-.421 
.212 
.018 
.380 
-.168 
.492 
.850 
.049 
.343 
.008 
.376 
 
 
1 
.240 
.420 
.314 
-.220 
-.106 
.101 
.362 
-.308 
.235 
.580 
.039 
.557 
-.180 
.264 
 
 
 
1 
-.086 
-.029 
.381 
-.203 
.208 
.195 
-.123 
.094 
.254 
.126 
-.069 
-.430 
.133 
 
 
 
 
1 
.442 
-.511 
.189 
-.326 
.348 
-.134 
.419 
.538 
.058 
.292 
.360 
.049 
 
 
 
 
 
1 
-.538 
.157 
.067 
.221 
-.183 
.300 
.540 
.029 
.425 
.009 
.272 
 
 
 
 
 
 
1 
-.138 
.337 
-.309 
.013 
-.405 
-.303 
.081 
-.353 
-.387 
-.086 
 
 
 
 
 
 
 
1 
-.033 
-.153 
.412 
.136 
.158 
-.086 
-.029 
.168 
.208 
 
 
 
 
 
 
 
 
1 
-.368 
-.336 
-.422 
.109 
-.104 
-.026 
-.672 
.416 
 
 
 
 
 
 
 
 
 
1 
-.253 
.786 
.386 
.103 
.184 
.226 
.008 
 
 
 
 
 
 
 
 
 
 
1 
-.121 
-.261 
-.046 
-.253 
-.009 
-.019 
 
 
 
 
 
 
 
 
 
 
 
1 
.426 
.153 
.219 
.417 
.029 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.069 
.381 
-.079 
.476 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
-.156 
.003 
-.155 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
.157 
.127 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
-.315 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
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Appendix 8 Rotated component correlation coefficients for the 14 Chemophysical and     
          microbial water quality sampling sites      
Sampling 
site 
Principal component (PC) 
1 2 3 4 5 6 7 8 9 
Barcombe 
Sheffield 
Spatham 
Clappers 
Isfield 
Streat 
Scaynes 
Goldbridge 
Ditchling 
Lindfield 
Longford 
Plumpton 
Wales 
Swansyard 
0.683 
0.654 
0.649 
0.645 
0.641 
0.640 
0.633 
0.628 
0.386 
0.559 
0.542 
0.561 
0.417 
0.572 
0.594 
0.518 
0.453 
0.541 
0.615 
0.520 
0.509 
0.546 
0.803 
0.701 
0.685 
0.644 
0.471 
0.532 
0.423 
0.550 
0.608 
0.537 
0.454 
0.563 
0.579 
0.551 
0.448 
0.434 
0.475 
0.517 
0.776 
0.620 
0.021 
0.015 
-.048 
0.021 
0.056 
0.006 
-.007 
0.018 
-.066 
0.067 
0.104 
0.032 
0.035 
0.036 
-.011 
0.027 
-.005 
-.004 
-.019 
-.014 
0.072 
0.004 
0.023 
-.016 
0.008 
-.003 
-.018 
0.044 
-.018 
0.026 
-.018 
0.004 
0.018 
-.022 
0.001 
0.047 
-.017 
0.045 
-.004 
0.005 
0.012 
-.015 
0.011 
0.011 
-.030 
0.001 
0.020 
0.004 
-.003 
0.019 
-.015 
0.000 
0.008 
.060 
0.013 
0.003 
0.003 
-.001 
-.026 
0.045 
-.006 
0.008 
-.001 
-.002 
0.002 
0.001 
0.008 
0.001 
-.002 
0.039 
-.019 
0.004 
0.004 
-.007 
0.022 
0.028 
-.004 
-.005 
0.003 
0.003 
-.001 
0.001 
-.005 
0.015 
 
Appendix 9 Test Statistics(ab) for the Kruskal-Wallis Test 
 ENT SoC Bacteroides HPC NH3N DO 
Chi-
Square 
68.476 157.180 38.542 53.363 99.405 10.721 
df 13 13 13 13 13 13 
Asymp. 
Sig. 
.000 .000 .000 .000 .000 .634 
a  Kruskal Wallis Test. b  Grouping Variable: Station 
 
Appendix 9 (continued) 
 PO4-P Temp C. perfringens Cond Redox 
Chi-
Square 
200.157 4.941 113.785 75.326 10.299 
df 13 13 13 13 13 
Asymp. 
Sig. 
.000 .976 .000 .000 .669 
 
Appendix 9 (continued) 
 Turb pH SS TTC NO3-N 
Chi-
Square 
73.225 184.340 19.601 88.079 54.825 
df 13 13 13 13 13 
Asymp. 
Sig. 
.000 .000 .106 .000 .000 
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Appendix 10 Loadings of parameters to clusters 
 
Parameter 
Cluster 
1 
Cluster 
2 
Cluster 
3 
Cluster 
4 
Cluster 
5 
Cluster 
6 
Enterococci -0.59491 -0.84763 -0.192024 -0.49602 0.24382 2.95414 
Coliphages 0.27762 -2.90022 0.030720 -0.70201 0.66257 0.87496 
Bacteroides 0.96707 -1.37866 0.287145 -0.69024 0.32114 -2.55153 
HPC -0.52448 0.27364 -0.342053 -1.00335 0.34965 2.78203 
NH3-N -0.44105 -0.83398 -0.347493 -0.16038 0.25126 3.20763 
DO 0.13256 1.06052 0.476251 -2.23887 0.02946 -2.03266 
Cond 0.70090 0.52935 -0.831607 -0.70580 0.64372 1.83313 
Redox -1.72378 -1.38860 0.063844 1.29284 0.84593 0.62248 
Turbidity 0.61879 -2.42423 -0.167098 0.59137 0.35378 0.53654 
pH 0.56392 2.14289 -0.225567 -1.80454 0.03759 -0.22557 
SS 0.23957 -1.11492 -0.577424 0.56207 0.34707 2.49705 
E.coli -0.46191 -0.97551 -0.263472 -0.57864 0.41744 2.80648 
NO3-N 0.68984 -2.01824 0.211302 -1.36569 -0.19110 1.30976 
PO4-P 0.41899 -2.01113 -0.125696 -1.53628 0.92177 0.69831 
Temperature 0.25258 1.43127 0.154352 -0.33677 -1.31901 1.43127 
CP -0.24950 -1.07759 -0.277105 -1.12276 0.80945 1.93364 
HPC = Heterotrophic plate count; DO = Dissolved oxygen; Cond = Conductivity;  
SS = Suspended solids; CP = Clostridium perfringens; NO3-N = Nitrate-nitrogen;  
and PO4-P = orthophosphate 
 
 
